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Finite volume modelling of low speed structural impact
problems
Matthew Archer
Two investigations are described in this thesis on the common theme of applying finite volume
methods to simulate structural impact problems. The first investigation is the application of the
Eulerian Finite Volume Method (EFVM) to simulate the low-speed impact of ductile materials.
Simulation results are validated against experiment showing that it is possible to accurately
predict crater deformation profiles over the low speed speed impact regime for different projectile
and substrate materials. We demonstrate how the rate dependent Johnson-Cook plasticity model
is crucial to ensure correspondence to experiment.
The second investigation is concerned with the application of EFVM to simulate impact damage
to thin polymeric coatings applied to the surface of metals. The aim of this work is to demonstrate
how new simulation methods can help understand coating damage due stone impact. We simulate
the debonding phenomenon of single layer coatings under impact by setting boundary conditions
at the plate and paint interface. We show how EFVM can capture two limits of interface behaviour,
sliding and separation ‘slip’ at one extreme and zero sliding ‘welded’ at the other. Results compare
well to previously published experimental and simulation work, and our own finite element
simulations in Abaqus. We also demonstrate how EFVM brings greater robustness and stability
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The Finite Element Method (FEM) has been the method of choice for computational modelling of
solid mechanics impact problems for decades. Over the last 30 years, however, the Eulerian Finite
Volume Method (EFVM) has seen considerable growth [1] and for certain impact regimes, is now
the ‘go to’ technique. The appeal of EFVM stems from it’s ability to capture wave propagation
accurately as well as its easy extension to model multi-physics interactions. The state of the
art is demonstrated by Michael et al. [2], where gas, liquid, elastoplastic solids and plasma
are solved simultaneously in the same simulation. This is achieved by recasting the equations
in the same, hyperbolic form allowing their solution on the same grid, with the same time-
stepping procedure and finite-volume numerical scheme. Combinations of systems of equations
are usually solved by coupling finite element for solid modelling and CFD models for fluid
modelling or including material effects through boundary conditions rather than full material
discretisation [2]. This coupling is highly complex due to the distinct numerical schemes used
to solve each state. This work examines the application of this unified simulation approach to
investigate the dynamic loading of solid materials in vacuum and air under low speed impact
conditions. We are particularly interested in the impact response of thin polymer coatings on
metallic substrates. Such problems rely on experiments to calibrate material models, validate
simulation methods and to further understand physical processes. However, experiments are
often impractical as a basis of design. For instance, if we want to test a new coating configuration;
with only experiments in our tool belt this is a challenging task because of the impossibility of
sampling the entire uncertainty distribution. We may want to test different coating thicknesses,
number of layers, and material properties. However, to fully leverage simulation methods in
the design process, we must overcome several challenges faced in simulating coating impact
response, such as the complex interaction of material interfaces, large strain rate deformations,
and elastic-plastic material response.
This thesis examines the suitability of the Eulerian finite volume method for modelling solid
material response to low speed particle impacts. Success here opens the door to study more
1
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complex material behaviour such as anisotropic material response and material damage and
fracture.
1.2. Computational solid mechanics
In the classical Lagrangian approach, the equations for mass, momentum and energy conservation,
in conjunction with constitutive models for material strength, are solved using a computational
mesh that conforms to the material boundaries and moves with the particles as they deform.
Material interfaces are resolved in a very simple and efficient way because boundary conditions
can be directly imposed along the tracked boundary surfaces. However, problems emerge when
particles move significantly relative to one another causing the computational mesh to distort and
twist. This often results in a restriction in the size of the time-steps or a failure of the method due
to element inversion [3].
Eulerian techniques are characterised by a fixed computational grid which allows the material
to flow through it. Here there is no mesh distortion that can be used to describe the solid material
deformation. The material distortion therefore needs to be accounted for in a different way. We





and maps the initial configuration, coordinate X, to the deformed configuration, x. Alternatively,
one can also evolve a reference map field, ξ, directly [4]. The Reference Map Technique (RMT) is
capable of accurately solving hyperelastic solid deformation problems on a fixed mesh including
shock propagation problems and problems with varied boundary and initial conditions. Valkov et
al. [5] exploited RMT to simulate the multiphase interactions of one or more soft solids immersed
in a fluid. Level-set methods, which discuss later, are avoided completely which in certain
situations can prove to be an advantage.
1.3. Introduction to the Finite Volume Method for solid
mechanics
The finite volume method for solid mechanics has seen considerable growth over the last 30 years.
It differs from the de facto standard finite element method in that FEM is based on nodal relations
for differential equations whereas FVM balances fluxes through control volumes and directly
discretises the integral form of conservation laws. There are several flavours of the method,
including cell-centred [6], staggered-grid, vertex-centred [7], Godunov-type [8–10], meshless [11],
and many others [1].
In the next subsection we focus on Eulerian Godunov methods which involve the evolution of
a deformation gradient tensor field as the primitive kinematic grid variable.
2
1.3 Introduction to the Finite Volume Method for solid mechanics
1.3.1. Godunov-type FVM for single material solutions
The flavour of finite volume method of interest here is the explicit Godunov-type formulation,
which has its roots in the solution of hyperbolic partial differential equations characterised
by shocks and discontinuities and gained prominence for the solution of Euler compressible
gas flow equations. The typical approach involves casting conservation laws as a first order
hyperbolic equation and is characterised by the approximate solution of a Riemann problem
at control volume facets to determine fluxes. Recasting the equations of solid mechanics in
conservative form allows the retrofitting of established high-order numerical methods developed
for hydrodynamic applications, which have proven to achieve superior wave resolution, to the
field of solid dynamics. Historically, two directions have been followed to model solid material
behaviour in a finite volume context.
The first approach stems from the work of Godunov and Romenski who provided the mathe-
matical framework by reformulating the solid equations into a conservative form in the Eulerian
frame. They augment the standard Euler equations, consisting of linear momentum and energy
conservation, with nine additional equations for the evolution of the elastic deformation tensor, Feij
which is defined as the gradient of the mapping that relates the spatial coordinate frame x to the
material coordinate frame X, with respect to the material coordinate frame. To account for inelastic
behaviour these nine equations are modified by the inclusion of plastic source terms. An equation
for work hardening is added bringing the total system to fourteen equations. Barton [8] has been
the main driver of the Godunov and Romenski formulation, demonstrating high order Weighted
Essentially Non-Oscillatory schemes (WENO) [8], approximate linearised Riemann solvers [8],
the incorporation of material strength [12] and anisotropic damage in three dimensions [13].
The second approach comes from the work of Trangenstein and Colella [9] who developed
Godunov methods to solve the mathematical system posed by Plohr and Sharp [14]. These
systems are characterised by the evolution of the total inverse deformation tensor, f = F−1. Miller
and Colella [15], Plohr and Sharp [16] and Hill et al. [17] incorporate plasticity by evolving the
plastic deformation gradient, Fpij . An elastic predictor step is followed by a ‘plastic’ corrector step
to correct any over-estimated elastic deformation that results in a state going beyond the yield
surface. The predictor–corrector strategy allows the solution of perfect and strain rate dependent
plasticity models.
The total system includes twenty four equations comprising: mass (1), linear momentum (3)
and energy conservation (1), inverse total deformation tensor evaluation (9), plastic strain (9) and
work-hardening (1). The work of Trangenstein and Colella [14] provides the first framework for
computational modelling of solids, describing many of the complications involved, such as loss of
hyperbolicity when certain constitutive laws are used. This work was later extended by Miller and
Colella [15], who recognised the need to introduce constraints for the inverse deformation tensor
in order to ensure numerical stability, particularly for computations in two and three dimensions.
According to Schoch et al. [18] there is no immediate numerical advantage in adopting one form
over another for elastic treatment, except that the standard deformation gradient, Fij, fits more
naturally into the Eulerian description [19]. Both formulations bring the advantage of allowing
the solution of the elastoplastic solid formulation in the same framework as the hydrodynamic
formulation for fluids, using the same (or the same family of) high-resolution, shock-capturing
3
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methods described by Toro [20]. This has led to the development of high-order, shock-capturing
schemes for the numerical solution of solid systems. Miller and Colella [15] and Barton [8] employ
approximate linearised Riemann solvers at each cell boundary to compute numerical fluxes as
part of a high-order numerical scheme to capture the seven waves in the (1-d) solid system. Favrie
and Gavrilyuk [21] adopt the classic HLLC approximate Riemann solver, reconstructing the two
fastest waves and the contact discontinuity. Titarev [22] uses centred GFORCE and MUSTA
schemes as robust and simpler alternatives to the linearised approach.
Recent developments include the unified HPR method which brings the ability to model
viscous compressible Newtonian, non-Newtonian fluids with heat conduction, and elastic and
visco-plastic solids [23] in one simulation. High order ADER-WENO methods are used to solve
the system of equations.
1.3.2. Multi-material solution
To capture impact events, a numerical method that can achieve high wave resolution, maintain
sharp interfaces and accurately impose boundary conditions at the interface is essential. However,
the accurate treatment of a boundary between different materials poses a challenge. Many
methods have been developed to track interfaces on Eulerian grids. Examples include the ‘Level-
set’ method by Fedkiw et al. [24], front tracking by Tryggvason et al. [25], and volume-of-fluid
(VOF) method by Hirt et al. [26]. Studies adopting the ‘Level-set’ approach include Barton et
al. [27], Schoch et al. [18] and De Brauer et al. [28]. An alternative to the ‘sharp’ approach is a
diffuse interface which smoothes quantities at contact points due in a series of ‘mixture cells’ that
increase in number over time. Their application is therefore limited to high-velocity processes
where contact time is small so as to avoid exposing this mixture cell growth. Examples in the
literature include Favrie and Ndanou et al. [21, 29]. Level-set methods do not have this same
drawback and can capture sharp jumps in variables across a contact wave over long durations.
In this work we choose to adopt the level-set method to implicitly track the location of the
interface by evolving a function in a manner that is consistent with how the real fluid moves. It
is initialized such that the zero contour marks the interface position, with positive values of the
function, φ, corresponding to one material, and negative values to the other. The function allows
the specification of boundary conditions where two materials meet.
At the heart of the multi-material EFVM, and the focus of this work, is the determination of
interface boundary conditions using the ghost-fluid method, where a Riemann problem is solved
between pairs of interacting surfaces yielding an interface state that advects the level-set tracked
surface. The original ghost fluid method works by populating artificial ‘ghost’ regions (usually
three to five cells) by extrapolating from one side of the material interface, tracked with the aid
of the signed distance function. Each material plus ghost region is then evolved separately. The
level-set is also evolved using real material velocities and the ‘real’ solution is then pieced back
together as determined by this new interface position.
The advantage of the level-set ghost fluid approach is that each material is treated independently
and no additional terms enter into the governing equations [30]. The method can be applied to
problems in higher dimensions and is extremely robust; handling multi-material systems with
extremely different equations of state [31]. It should be remarked that the coupled ghost-fluid and
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level-set method is not fully conservative; there is no guarantee following extrapolation that the
computed fluxes either side of the interface will be equal [32]. As an alternative, Volume-of-fluid
(VOF) techniques have been applied as a means to retain conservation in solid/fluid systems.
These work on the basis of calculating cell apertures and volume fractions within mixed cells.
Though VOF has the desirable property of being conservative, it unfortunately struggles to
capture sliding material interfaces [30].
The ghost fluid method has been extended for application to solid materials; such as the
‘modified’ form [19, 27, 33] and ‘Riemann’ form [34]. Both methods require the solution of a
multi-material Riemann problem to obtain the artificial interface state that is then extrapolated.
The Riemann Ghost Fluid Method (RGFM) employs a slightly more sophisticated approach to fill
extrapolated cells that has been found to bring robustness [34]. When the interfaces of two solid
materials come into contact, two limits can be identified, ‘stick’ and ‘slip’ [30]. In reality, [30, 35]
the behaviour will lie somewhere between these two states with the tangential motion a complex
non-linear function of the interfacial state.
1.4. Previous applications of FVM to structural impact problems
Eulerian finite volume methods have been dominant in the high-speed (νi > 500 m s−1) regime
particularly for impact problems involving elastic-plastic wave propagation behaviour [30]. A
typical test is the two dimensional simulation of a flyer plate which involves the collision of a
‘flyer’ with a static ‘target’ plate. The impact generates shocks in both plates which reflect off
the free-surfaces to form rarefaction waves travelling back into the materials. The high tensile
stress generated can be sufficient to cause the material to fail and a new interface to form, known
as spallation. The Eulerian finite volume method has been used to simulate penetration of
metals [12, 36] whereby a projectile strikes a finite-thickness target with sufficient momentum
to cause local failure and piercing of the target. The non-conservative ghost fluid method is
shown to be convergent under mesh refinement, and qualitative agreement with experiment is
demonstrated.
These standard impact problems are often used to validate numerical algorithms and calibrate
material models. The favoured validation test for finite volume solid mechanics is the Taylor-rod
impact experiment. This test problem consists of a bullet sized object projected towards a rigid
target at 200 m s−1. The test covers a broad spectrum of strain rate behaviour, with high strain
rate plastic deformation at the impact face, to low strain dynamic elasticity at the rear [37].
1.5. New applications of FVM to coated material damage
In this work we apply the finite volume method to simulate damage to automotive coatings
due to low speed impact of stones and other projectiles. The damage of paint finishes is a major
concern to the automotive industry and has been studied by many authors. Work has focused
on establishing the mechanism of coating failure and delamination [38], the determination of
experimental single impact trends using single impact testers [39] and the durability testing of
different types of coating layer materials [40].
5
Introduction
Material impacts happen as a result of stones being lofted from a vehicle’s tyres and the main
areas of damage include the wing, bonnet, head lamps and windshields. The exact mechanism by
which this occurs has been studied extensively within the aerospace industry where the ingestion
of stones into ducts can affect the efficiency and performance of engines. The principal lofting
mechanism was reported to be due to the side pinching of stones and directions of impact were
approximately at a 45◦ elevation in the plane normal to the tyre [39–41], with the main component
of the impact velocity supplied by the vehicle itself. To mitigate the number and damage of
such impact events, car manufacturers have investigated the use of improved body engineering
either by design or the use of claddings, or the modification to the painted coating through either
additional layers or thicker coatings in high wear areas. If the impact energy is sufficiently high,
coating damage will occur and can manifest as either loss of coating or delamination of the metal
polymer boundary [39]. The former is merely cosmetic whereas the latter may lead to corrosion
of the underlying substrate if left untreated, possibly affecting the service life of the vehicle. A list
of measurable attributes on impact are shown in table 1.1.
Simulation part Measurable attribute on impact
Coating pile-up height




Table 1.1.: Simulation variables and measurable attributes on impact. Reproduced from Zehnder
et al. [42]
The understanding and evaluation of stone impact damage requires the determination of stress
and deformation distributions within the paint layers. With the lack of any closed form solution
for the coating response, recourse is taken to numerical simulations. Very little work has been
done to study stone chip using simulation methods. Notable examples include Ramamurthy et
al. [39, 43] who modelled the removal of chips of paint on vehicles due to stone impacts using
shock physics and finite element models of wave propagation. The authors demonstrated the
recovery of radial stress distributions in a multi-layered paint film showing a correspondence
between stress response and material properties of each layer. Within the stone contact radius, the
steel substrate goes into tension on impact whereas the coating is in compression. Just outside the
contact radius, the coating goes into tension whereas the steel goes into compression. They report
that these opposing stress fields cause slippage at the metal coating boundary that may manifest
as a crack with delamination. Modelling was limited to elastic response only, with plasticity and
damage neglected.
Further contributions to the understanding of organic coating removal due to impact include
Papini and Spelt [38], who used analysis to demonstrate that the initiation of delamination occurs
at the same critical shear stress regardless of coating thickness; Lonyuk [40] who experimentally
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test different automotive coating systems; Rosler [44] who experimentally investigate heat gener-
ation due to stone impact, revealing a rise of almost 80 K and finally Zouari and Touratier [45]
applied finite element methods to simulate delamination at the paint-plate interface, showing that
the degree of delamination can be controlled by the specification of a quadratic damage criterion
between coating and plate.
1.6. Summary
In this thesis we demonstrate the application of finite volume methods to solve structural impact
problems. We present the multi-material approach using level-set tracking coupled with the
Riemann ghost fluid method. Compared to other methods listed above, the multimaterial Eulerian
finite volume method brings superior shock resolution and is robust to large material deformations
as illustrated by Barton [12], particularly when combined with adaptive meshing capabilities
which devotes more cells to areas of the deforming material changing the most. The application
of these methods to the low speed regime remains an open problem.
To convey the application of the finite volume method to low speed impact problems we will
proceed as follows. In chapter 2, the governing theory of non-linear elastic-plastic materials
is presented. We cover the mathematical treatment of elasticity and plasticity. The numerical
scheme is described in chapter 3, with an overview of the multi-material approach including the
Riemann ghost fluid and level-set methods. In chapter 4, we validate the finite volume method on
a selection of high speed test problems that examine material strength behaviour. In Section 5.1 we
examine clean metal impacts with particular focus on material trends. In chapter 6 we show how
the E-FVM can be applied to simulate coating deformation under low speed impact conditions.
For each case study we systematically evaluate its performance against FEM.
1.7. Contributions
The main contributions of this thesis are:
1. The application of the Eulerian Finite Volume (E-FVM) method to simulate low-speed impact of
ductile materials.
Results are validated against experiment showing that it is possible to quantitatively predict
crater deformation profiles accurately over the low speed speed impact regime (20 m s−1
to 200 m s−1) for different projectile and substrate materials. We demonstrate how the rate
dependent Johnson-Cook plasticity model is essential to ensure agreement to experiment.
A systematic comparison with FEM reveals that FVM is more robust when deformations
are large, and when interfaces slide quickly (slip) relative to one another.
2. The application of E-FVM methods to simulate the impact damage of thin polymeric coatings applied
to the surface of metals.
7
Introduction
In addition to the novelty outlined in contribution (1), to the author’s knowledge, a system-
atic investigation of impact induced damage to coated metals using finite volume methods
has not been reported in the literature.
The E-FVM method is applied to simulate the de-bonding phenomenon of single layer
coatings under impact. This is achieved by setting boundary conditions at the plate and
paint interface. We demonstrate how E-FVM can capture two limits of interface behaviour,
rapid sliding and separation at one extreme and zero sliding and welded at the other.
Results compare well to previously published experimental and simulation work, and our
own finite element simulations. We also illustrate how E-FVM can simulate higher energy
impacts that lead to catastrophic penetration of the soft coating to the metallic substrate.
Paint damage involves complex material removal mechanisms that are governed by a
number of variables such as the material properties of the target layers, interface adhesion
and particle impact energy. To demonstrate important characteristics governing coating
impact resistance, we perform a parameter study over interface conditions, particle shapes
and material models. This work paves the way for the development of simulation methods






In this work we adopt a system of first order hyperbolic equations in conservation form as a model
of non-linear elasticity. We present the model by Godunov and Romenski [46] and Barton [8]. The
Romenski form is characterised by the evolution of the standard elastic deformation tensor, Fe.
2.2. Equations of motion for solid dynamics
We begin by describing the mathematical system of Godunov and Romenski in which the state of
the solid is characterised by the evolution of the elastic deformation gradient, Fe. For a hyperelastic
material the fundamental kinematic variable is this tensor of deformation gradients denoted
F := ∂φ / ∂X where φ is defined as the linear transformation between the initial configuration B0
and current configuration B, i.e. x = φ(X, t). Here, x and X denote the fixed spatial coordinates
and material coordinates of the unstressed reference state respectively.
The full system in Cartesian coordinates consists of equations for conservation of momentum,

























with the vector components ·i and tensor components ·ij. Scij is a compatibility source term and
Dij is an optional diffusion term.
The symbols ρ, σ and E = (E + |u2|/2) denote the density, Cauchy stress and total energy
respectively. The first two equations essentially evolve the solid material hydrodynamically. The
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system is closed by an analytical expression for the specific internal energy E , which is expressed
as a function of the nine components of the elastic deformation gradient Feij and the entropy S. κ
is the scalar material history parameter that tracks the work hardening of the material through
plastic deformation.
E = E(Fe11, Fe12, . . . , Fe33, S) (2.5)
The eigenvalues of Fe represent the principal stretches of the material, therefore det|Fe| > 0 is the
proportionality coefficient between the deformed and undeformed volumes. Hence the density, ρ,
can be written as a function of its initial unstressed density, ρ0, and deformation gradient F:
ρ =
ρ0
det |Fe| . (2.6)





The Cauchy stress, σ(x, t), is a linear transformation mapping a normal vector n to the force
t(x, t, n) exerted on an infinitesimal surface area with normal n within the material,
t(x, t, n) = σ(x, t)n. (2.8)
For hyperelastic materials stress is defined as the derivative of the internal energy density E with
respect to the deformation gradient. This defines the constitutive relation between stress and





Frame invariance is an important concept in continuum mechanics and in particular hyperelas-
ticity. Consider solving a system of PDEs in an initial frame of reference. Our system should be
independent of any sort of translation or rotation applied to the initial frame.
We can see the importance of frame invariance in relation to the internal energy E , which
is a scalar function and therefore its value must be independent of the reference frame of the
observer. A good discussion can be found in Miller [48]. It can be easily shown that translations
are independent of the material reference frame Xi (applying zero transformation to Fe), but under
some arbitrary rotation R, the internal energy becomes E = E(RFe, S) (in the observer’s frame).
One way of removing the dependence on R is to utilise the fact that the deformation gradient can
be multiplicatively decomposed into stretch and rotation components, F = VR = RU.
Frame invariance is then achieved by expressing E = E(U, S, w) where U is the right spatial
stretch tensor and w represents an arbitrary number of internal parameters. Therefore, the specific
internal energy depends on the lattice stretching and thermal gradients alone [12]. A more
practical means of achieving this is through parameterising E in terms of components of some
symmetric strain tensor. Using the Finger tensor, defined as C = F−TF−1, the specific internal
10
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energy can be rewritten,
E = E(C11, C12, . . . , C33, S), (2.10)





Where σij = σji. For isotropic materials, E depends on the principal invariants Ip, where I1 =
tr(C), I2 = 12 (tr(C))
2 − tr(C2), I3 = det |C|.
2.3. Equation of motion for deformation gradient
It can be shown that the equations for the deformation gradient F, satisfy three compatibility
constraints, which if equal to zero initially, hold for any time t > 0. In fact, these are a consequence
of six compatibility constraints (or curl constraints) from the inverse deformation gradient g = F−1
[30]. This divergence constraint takes the form:
∂ρFekj
∂xk
= 0, j = 1, 2, 3. (2.12)
These compatibility constraints play an important role in the necessary characteristic analysis.
Miller and Colella [10] report that characteristic analysis of the unmodified system (eq. (2.3), with
Dij and Scij set to zero) leads to unphysical wave families. To rectify this, eq. (2.3) is amended by










In practice, particularly at higher dimensions, numerical solution often leads to truncation errors
that may result in the violation of the constraint. These violations can be diffused away with the
optional Dij term in eq. (2.3).
2.4. Complete system of equations
The complete three dimensional system forms a matrix of conservation laws in Cartesian coordi-






















In vector notation, the conservative variables U, fluxes F (U), G(U),H(U), and compatibility


























where eα are the Cartesian unit vectors, and F is the elastic deformation gradient (notation omitted
for clarity). Setting α = 1, yields the one-dimensional system. The system is closed by an analytical
formula for the specific internal energy of form E = E(C, S), section 2.7.
In the following section we briefly summarise the characteristic analysis of the quasi-linear
system to yield wave speeds, as well as eigenvectors and eigenvalues of the Jacobian A.
2.5. Acoustic tensor
In this section we derive the acoustic wave propagation tensor, which is the precursor to obtaining
acoustic wave speeds as well as high-order Godunov methods. The results in the following
section apply to a single spatial dimension only and are further developed in appendix C.1
and Barton [8, 27]. By introducing the vector of primitive variables W = (u, FTe1, FTe2, FTe3, S),







with the Jacobian, A = ∂F/∂U. Setting λ to correspond to the wave speeds, the characteristic
polynomial for A: det|A − λI| = 0, has the form
(u− λ)7 det |Ω− (u− λ)2I| = 0, (2.18)




and Aαjik is a coefficient in A, see [8] or appendix C.1 for further details. The positive definite
acoustic tensor can be decomposed as follows,
Ω = Q−1D2Q, (2.20)







is a positive definite orthogonal matrix. From here it is possible to construct both the left (L) and
right (R) eigenvectors of A, where RL = I.
These results play a key role in the numerical solution of the non-linear system of eqs. (2.1)




At sufficiently small stress conditions, deformations are due to stretching of internal crystalline
structure only, which then disappear when loading is removed. Beyond a limit stress, known as
the yield stress, irreversible dislocations form in the material which lead to permanent structural
deformation. Dislocations are structural defects or imperfections that exist within a material and
plastic deformation is due to the movement of dislocations across slip planes of a crystal under
an applied stress. As the number density of dislocations increase, additional stress is required to
produce more dislocations. This is called strain hardening of the material. Conversely, thermal
softening refers to the reduced strain required to create new dislocations as the temperature of the
material is increased.
It is useful, particularly in plasticity theory, to subdivide stress into two components, hydrostatic
stresses that change the material volume without changing its shape, σh and deviatoric stresses
σdev that distort the material without changing its volume.
σ = σh + σdev, σh = −pI, p = −1
3
tr(σ). (2.21)
Decomposing stress in this way is particularly important for metals, where plastic deformation is
assumed to be volume preserving, i.e. det|Fp| = 0. Therefore we can state that plastic behaviour
is only dependent on deviatoric stress and not pressure.
We adopt the predictor-corrector approach of Miller and Colella [15]. In this approach the elastic
properties are determined first and if the physical state lies outside a yield criterion, the plastic
deformation is obtained by remapping the physical state to the yield surface while satisfying the
maximum plastic dissipation principle. A Newton-Raphson iterative solve is performed in order
to return the deformation to the yield surface along a path, η.
The Miller and Colella approach relies on the ability to decompose the total deformation
gradient into plastic and elastic parts;
FTOTAL = FeFp. (2.22)
The implemented models are all of von Mises (J2) form, such that the yield condition depends
only on the second invariant of the deviatoric stress tensor. The J2 flow rule can be written as a
function of principal stress σi, principal deviatoric stress si, or deviatoric stress, sij (or σdev).
































The von Mises yield surface assumed for all material plasticity in this work is as follows,















, and the deviatoric stress is defined. If eq. (2.26) is negative, the material
response is elastic, otherwise it is plastic.
2.7. Hyperelastic equations of state
The equations are closed by specifying an expression for the specific internal energy of the form
E = E(C, S). This is the strain energy density function. Hyperelastic materials have a constitutive
law that derives from the assumed existence of this energy density function, a function of the
deformation and specific entropy, S. Any strain tensor can be substituted for C, we choose the
Finger tensor, C = F−1F−T . Given this strain energy, the Cauchy stress is determined from
eq. (2.11).
The specific internal energy for an isotropic hyperelastic material can be decomposed into
potentials describing the hydrostatic and thermal energy density, EH(I3, S), and the contribution
due to shear deformations, ESh(I1, I2, I3, S). Both are functions of the entropy S, and the invariants
of F−1F−T . Assuming the Finger strain tensor, the invariants are I1 = tr(C), I2 = 12 (tr(C)
2 −
tr(C2)), I3 = det |C|.
For the first two equations of state that follow, the energy is supplemented by a contribution










where G is the shear modulus. G can depend on the state of the material G(S, ρ) [30], but is
assumed constant here.
2.7.1. Saint Venant Kirchoff



















where λ = K/2.0− µ/3.0. λ and µ are the Lamé constants. K is the bulk modulus and µ is the
shear modulus.
2.7.2. Mie-Grüneisen
The Mie-Grüneisen equation of state is written as follows:














− φ φ ≤ 0
(2.29)
where ρ0 is the reference density, s is the linear shock speed to particle speed ratio, c0 is the
un-shocked material sound speed, T0 the reference temperature, and φ = 1− ρ0/ρ. The pressure
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is given by
p(ρ) = ρ0c20
φ/(1− sφ)2 φ ≥ 0φ/(1− φ) φ ≤ 0 (2.30)
In this particular form, the temperature is assumed constant. Alternatively, it is possible to express
the Mie-Grüneisen form as follows:








2 φ)/(1− sφ)2 φ ≥ 0
φ/(1− φ) φ ≤ 0
(2.32)
To illustrate how closure is obtained. The pressure p is computed by supplying the model with the
internal energy, calculated from the state as so E = E− 12 ρν · ν. The internal energy is computed








The internal energy is computed as:





























where ρ0 is the reference density, B0 is the reference bulk modulus (calculated as ρ0c20), n is the
derivative bulk modulus, Γ0 is the Mie-Grüneisen coefficient, E0 is the reference internal energy,
Cv is the heat capacity, T0 is the reference temperature and φ = 1− ρ0/ρ as before. The pressure
is calculated as,





















The Murnaghan equation of state is complete. It accounts for the full thermodynamics of the




The hyperelastic equation of state for isotropic media is taken from Titarev et al. [22] and has the
form,










3 (exp[S/cv]− 1), (2.38)
and





1 /3− I2), (2.39)
K0 = c20 − (4/3)b20 and B0 = b20 are the squared bulk speed of sound and the squared speed of
the shear wave, respectively, cv is the heat capacity at constant volume and, α, β, γ are constants
which relate the non-linear dependence of sound speeds and temperature on the mass density.
Note that for an isotropic medium the equation of state must be a function of three independent
invariants of a strain tensor.























= I3G−1jk . (2.41)
2.8. Plasticity models
The following plasticity models apply to J2 flow theory of plasticity where the yield condition
depends only on the second invariant of the deviatoric stress tensor.
2.8.1. Perfect
This corresponds to a constant yield surface. The yield surface is given by
σY = σ
0
Y = Cnst. (2.42)
2.8.2. Johnson-Cook
This is an empirical model constructed from experiments conducted by Johnson and Cook [49]. It
accounts for thermal softening, strain hardening and strain-rate hardening. The yield surface is
given by,













2.9 Justification for choice of models
The Johnson-Cook model additionally requires temperature and strain rate as inputs. The
temperature is obtained from the elastic equation of state eq. (2.7), while the strain rate is obtained
by a simple first order difference of the strain.
A, B and n are material parameters that describe the initial yield and strain hardening behaviour
of the material at a strain rate of ε̇0 and a reference temperature, T0. The parameters C and m
describe the material strain rate and thermal softening sensitivity, respectively. ε0 and T0 were
taken as 1 s−1 and 292 K, respectively. The strain rate is calculated as the time rate of change of the
equivalent strain. The limited log function ln prevents singularities for non-deforming materials
(ε̇dev = 0).
2.9. Justification for choice of models
In this work, the von Mises criterion with Johnson-Cook flow rule has been chosen to model both
metals and thermosetting polymers. The von Mises yield criterion is suitable for metals as the
onset of yield is assumed to not depend on the hydrostatic part of the stress tensor. Indeed, it
has been calibrated on a wide range of metals [49]. Advantages include it’s simple functional
form (complex models require more data from precisely controlled experiments), and therefore
rapid calculation speed. It also performs well for low strain rates but cannot account for complex
behaviour in certain materials at high strain rates (for instance Al6061-T6 [50]). This is because
it essentially becomes strain rate independent at high strain rates. A further drawback is that it
exhibits an unrealistically small strain-rate dependence at high temperatures.
The applicability of J2 with Johnson-Cook to other materials, like thermosetting polymers, is
however questionable as they have a stronger sensitivity to temperature and strain-rate. Further-
more, plastic deformation cannot be assumed to happen at constant volume and hardening of
thermosetting plastics is anisotropic (due to reorientation of polymer chains). Even with this said,
in limited situations it has been reported that Johnson-Cook can be used to model thermosetting
polymers [51]. A thorough discussion is given in chapter chapter 6 on the suitability of J2 plasticity
and the Johnson-Cook model.
Although impact velocities are relatively low in the present study, and changes in density
brought about shock compression are not expected to be significant, the implementation of the
Johnson-Cook plasticity model requires an equation of state (EOS). The availability of shock-







The system of non-linear equations, eqs. (2.1) to (2.4), can be solved using standard finite-volume
techniques adapted from the field of computational fluid dynamics as presented in Toro [20].
We describe the Monotonic Upstream-Centered Scheme (MUSCL) which requires the solution
of a Riemann problem and is used to solve the equations for all simulations in the proceeding
chapters.
Consider a control volume in x-t space of dimensions ∆x = xi+ 12
− xi− 12 , ∆t = t
n+1 − tn. We
can adopt an upwind finite volume method for solving the hyperbolic system as the solution to
the initial boundary value problem (IBVP) where Uti is an approximation to the cell average of the
conserved state and Fi+ 12 is the numerical flux between cell i and cell i + 1. The IBVP is stated,
PDEs : Ut +F (U)x = 0,
ICs : U(x, 0) = U(0)(x),
BCs : U(0, t) = Ul(t); U(L, t) = Ur(t).
 (3.1)
The solution of the IBVP is given by equation 3.2 which advances the solution at cell i, by a single
time step by computing the difference in flux, F (U), at the two cell interfaces, xi− 12 , xi+ 12 , utilising







Fi− 12 −Fi+ 12
]
, (3.2)
The scheme is complete once expressions for the numerical flux are provided. The original
godunov flux is given by




(0) denotes the value of Ui+ 12
(x/t) where x/t = 0. More generally, the numerical flux
can be defined as a two-point function of left and right data in the local Riemann problem:
Fi+ 12 = Fi+ 12 (UL, UR) (3.4)
Centred and upwind fluxes can be written in this form and will be discussed in the following
section.
3.2. Flux calculation and high-order TVD schemes
We begin by outlining the simple First Ordered Centred (FORCE) scheme. Later we present
the MUSCL scheme which incorporates the Riemann problem solution into a TVD scheme. We
discretise the spatial domain [0, L] into M computing cells Ii = [xi− 12
, xi+ 12
] of size ∆x, with
i = 1, · · · , M.
3.2.1. First Order Centred (FORCE) flux
To solve using FORCE we evaluate inter-cell fluxes which are the arithmetic mean of fluxes
obtained from Richtmyer and Lax-Friedrichs schemes [20].
F LFi+ 12




















[F (Ui) +F (Ui+1)] (3.6)
FRIi+ 12




The force flux is therefore given by equation 3.5. This requires a five point stencil to compute the














3.2.2. Linear reconstruction of states
Given a cell-centred piece-wise constant representation of the solution, it is possible to reconstruct
solution values at the cell-faces using the solution from neighbouring cells to create a piece-wise
linear reconstruction within the cell to return values at cell faces. Higher order reconstructions are
available, for example the Weighted Essentially Non-Oscillatory flavour (WENO), but we reject
these in favour of simplicity.
The extrapolation of the vector of conserved variables in each cell to its left (L) and right (R) cell



















(1− w)∆i+ 12 (3.10)
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Where ∆i is the slope vector given by equation 3.10, and ∆i− 12
and ∆i+ 12
denote jumps across cell
interfaces i− 12 and i +
1
2 respectively. This linear extrapolation helps to reduce the discontinuity
between adjacent cells. Note that ∆i is a vector of (3 + 9 + 1) thirteen components, with each
element corresponding to the jump of a conserved variable across the cell interface. Normally,
w = 1 and therefore the slope is the difference between the preceding cell, i− 1 and the current
cell, i, ∆i = ∆i− 12









































A total variation diminishing version (TVD) of the scheme is obtained by replacing the slopes,
∆i by limited slopes ∆i. This effectively thresholds the calculated gradient, thereby ensuring
spurious oscillations do not form in the region of high gradients [20]. Two limiting approaches
are given in section 3.2.4.
3.2.3. MUSCL-Hancock (MHM) scheme
MUSCL-Hancock is the second order extension of the Godunov first order upwind method.
The first two steps are identical to the SLIC scheme. In the third step the intercell flux Fi+ 12 is
computed by solving the Riemann problem with data:
UL ≡ Ui,R; UR ≡ Ui+1,L (3.14)
in order to obtain the similarity solution. The inter-cell flux can then be computed in the same
way as the Godunov method or using any approximate Riemann solver.









Approximate Riemann solvers include the linearised method [8], the Harten, Lax and van Leer
(HLL) [52], or EVILIN and MUSTA alternatives [22, 53]. We describe the linearised and HLL
approach in section 3.3.
3.2.4. Solution limiting
The conservative scheme consists of finding the limited slope value ξi which is returned from the
application of a slope limiter.
∆i = ξ∆i (3.16)
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In total, there are four limiters associated with the MUSCL-Hancock scheme, and the default
choice is the van Leer approach, eq. (3.17). The term, r, represents the ratio of successive gradients
on the solution mesh and is given by equation 3.19. We have options to limit on conservative,
primitive and characteristic variables. We elect to limit on primitive variables as it is found to be
more stable in practice.
ξvL(r) =













is taken as 1. A more refined approach would be to adopt characteristic limiting
which would require solving extra Riemann problems to find jumps across each wave and their
respective Courant numbers. Then one may define coefficients βi+ 12




3.3. Approximate Riemann solvers for solid problems
We describe both the linearised solver from Godunov, Toro and Barton [8, 20, 46, 54] and the HLL
approximate Riemann solver from Harten et al. [52].
3.3.1. Linearised approximate Riemann solver
With the initial state as the arithmetic mean of primitive states, 12 (W
L + WR), we compute the
linearised Jacobian, then populate the acoustic tensor to compute wavespeeds as per Barton et
al. [8], yielding the left and right matrix of eigenvectors as described in section 2.5. It is possible
to perform an eigendecomposition of the Jacobian A directly to yield eigenvectors L and R and
wavespeeds Λ but the former approach has been adopted in LSC-AMR.
Proceeding from the analysis in section 2.5 where we showed how to obtain the left (L) and
right (R) matrix of eigenvectors, we can compute the interface state as follows. It is known that
the difference between the two cell centre primitive states (W) allows the coefficients αk to be








3.4 Multi-dimensional solution - splitting
Under the assumption that the right-eigenvectors are orthonormal to the left, RL = I, the vector
of strengths, α, can be found.
LδW = α (3.21)
To construct the new primitive state we sum over the product of α and the right eigenvectors as
per equation 3.22, while neglecting the contribution from positive valued eigenvalues. That is, we
are sampling at the point x/t = 0.
Wi+ 12




Further details of the characteristic decomposition are provided in appendix C.1.
3.3.2. HLL approximate Riemann solver
The HLL Riemann solver is from Harten, Lax and van Leer [52]. It is a simplification of the HLLC
solver, that neglects the contribution from the contact wave. Given a Riemann problem with left
UL and right states UR.
U(x, t) =

UL if xt ≤ SL
Uhll if SL ≤ xt ≤ SR
UR if xt ≥ SR
(3.23)
where SL and SR are the maximum left and right wave-speeds (computed by eigendecomposition
of the acoustic tensor), and FL = F(UL) and FR = F(UR).
Uhll =
SRUR − SLUL + FL − FR
SR − SL
(3.24)
3.4. Multi-dimensional solution - splitting
To solve higher dimensional non-linear systems it is possible to adopt an approximate ‘dimen-
sional splitting’ approach. Dimensional splitting reduces the three dimensional initial value
problem given by eq. (2.15) into a sequence of one dimensional initial value problems. For
illustration we consider the two dimensional system only. The two dimensional IVP,
Ut +F (U)x + G(U)y = 0, (3.25)
can be rewritten as,
PDE : Ut +F (U)x = 0





PDE : Ut + G(U)y = 0
IC : U(x, y, tn+
1
2 ) = Un
 → Un+1.
(3.26)
To solve the first IVP, a ‘sweep’ is performed in the x-direction yielding a solution state denoted by
Un+
1
2 . A sweep is simply the evolution of a sequence of one-dimensional problems, in the same
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direction by time step ∆t. The second IVP is solved by performing the sweep in the y-direction,
yielding a 2-d solution state evolved by time ∆t. This basic principle can be extended to second
order accuracy. Written in compact for this is:
Un+1 = y(∆t)x(∆t)Un (3.27)
Further details are found in Toro [20].
3.5. Time step computation












where C is the Courant-Friedrichs-Lewy (CFL) number, with the restriction that 0 ≤ C ≤ 1.
The CFL number is an adjustable parameter used to control the time step in order to satisfy the
Courant-Friedrichs-Lewy condition. This is the ratio of two speeds, the wave propagation speed
and the grid speed ∆x/∆t. This time step effectively constrains the solution such that no wave
speed travels more than a distance ∆x in time ∆t. For the explicit scheme here, the maximum CFL
value is 1, and a higher value is preferred for more efficient time marching. Given direction η,
maxα λη is the maximum wavespeed in each material α. This wave speed is the sum of the velocity
uη , and the maximum wavespeed in the material in direction η, obtained by eigendecomposition
of the acoustic tensor.
3.6. Plastic update algorithm
Plasticity follows the approach outlined in Miller and Colella [10]. The plastic deformation of the
material is determined once the elastic part is solved. The overall material treatment can be seen
as a predictor–corrector method, in which the elastic properties are determined first, and if the
physical state lies outside a yield criterion the plastic deformation is obtained by remapping the
physical state to the yield surface while satisfying the maximum plastic dissipation principle.
The implemented models are all of von Mises (J2) form; the yield condition depends only on
the second invariant of the deviatoric stress tensor. The von Mises yield surface in this study is as
follows













, and the deviatoric stress is defined. This identifies the maximum yield
allowed to be reached by an elastic step. A predictor–corrector method is taken to re-map the
solid state onto the yield surface. Assuming that the simulation time step is sufficiently small,
this is taken to be a straight line, using the associative flow rate, satisfying the maximum plastic




φplast = Σ : ((F
p)−1Ḟp) (3.30)
Where Σ = GσF and : is the double contraction of tensors. To start the iteration procedure, an
initial guess is provided: F = Fe and Fp = I. This is then relaxed to the yield surface according to
the procedure of Miller and Colella [10].
The plastic models (like Johnson-Cook) additionally require temperature and strain rate. Tem-
perature is obtained from the elastic model, and strain-rate is obtained numerically by a first order










Which is an Eulerian time derivative instead of a Lagrangian one. The computation of the strain











and the default strain defined in LSC-AMR is the Green-Almansi strain.
3.7. Multi-material implementation
3.7.1. Level-set method for material interaction
This section outlines the basic method for multi-material systems where level set methods are
used to track material interfaces. Level set methods give the location of the interface, they do not
affect the evolution of the material components. The behaviour of material components at the
interface is modelled by the implementation of dynamics boundary conditions using the Riemann
Ghost Fluid method, with a solid-solid mixed Riemann solver described in the next section.
Each material, denoted by α occupies the region Γα and is specified within the domain by
defining a scalar function φα(x, t) which is a signed distance function. This way, the identification
of a given material becomes a simple evaluation of a sign, such that positive values correspond to
one material and negative values correspond to another, and the zero contour marks the location
of the interface ∂Γα(t) = x : φα(x) = 0. For each material:
φα(x, t) =

> 0, x ∈ Γα(t)
= 0, x ∈ ∂Γα(t)
< 0, x /∈ Γα(t)
(3.34)
The level set implicitly represents the location of an interface and only discretised values of the
function, φLS(x) are stored.
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We assume only one spatial dimension for purposes of clarity. The domain is discretised into M
cells plus boundary conditions (two cells needed for five cell stencils), where each cell is denoted
Ii = [xi− 12
, xi+ 12
] with the cell (averaged) centred quantity denoted by an integer index value. The
interface is therefore identified between two cells i and i + 1, as the change in sign, determined
by a simple product φi · φi+1 < 0. The material to the left of the interface has the set of ghost
cells {Ii+1, Ii+2, · · · , Ii+N f +1} where N f denotes the number of fictitious points required by the
numerical stencil for the single component solver. For simulations with three or more materials,
each material has its own level set function, and is present in region φLS > 0. In practice, one need
only employ N − 1 level-set functions for a system of N materials. The known states UL = U(xi)
and UR = U(xi+1), for left and right materials either side of the interface can be used to pose a
multi-material Riemann problem across the interface. We discuss how these states are actually
obtained in multi-dimensions using the Riemann Ghost Fluid Method in the next section.
Once we have obtained the start states the level set, φLS(x), by solving the advection equation







where u is the material velocity field. This way, the level set is updated in accordance with how
the material actually moves. Level set functions satisfy the Eikonal condition, |∇φα| = 1 and




3.7.2. The Riemann ghost fluid method and multi-material interfaces
The Riemann Ghost Fluid Method (RGFM), as described by Sambasivan and Udaykumar [34, 55]
is adopted to handle material components at an interface. We use the Riemann ghost fluid method
instead of the original ghost fluid method because it handles discontinuities between different
materials without introducing oscillations at the interface. In contrast to the original ghost fluid
method, the method uses the solution to a mixed-material problem to compute the dynamic
boundary conditions at ghost cell states adjacent to the interface.
The algorithm proceeds as follows. At the centre of a cell containing the interface, we take the
normal to the interface and extend it forwards and backwards by a distance h to obtain two points
well inside the material. These two states are then fed into the appropriate mixed Riemann-solver
to generate the state at the interface, called the star-state. This star-state is then placed into the
cell P inside the current material. Once all cells just inside the interface have been populated
with star-states, the states are extrapolated outwards to fill sufficient ghost-cells to satisfy the
numerical solver.
The Riemann ghost fluid procedure is followed for each material:
i Locate the interface within the cell at the point P = i + φ∇φ
ii Project two probes into two adjacent materials, reaching points P1 = P + n · ∆x and P2 =
P− n · ∆x
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iii Interpolate at each point over neighbouring states in each material.
iv Solve a mixed-material Riemann problem, between the two states, to extract the state of the
real-material cells, adjacent to the interface (the left star-state).
v Replace the state in cell i by the computed star-state.
The velocity for the level-set advection is extracted from real material states as far as possible.
We find that instabilities often emerge when using the extrapolated ghost fluid states.
To account for the angle of the interface with respect to the Cartesian axis, the state variables for
both materials must be rotated onto the coordinate system defined by this interface normal. This













Once the Riemann solution has been computed the resultant state is rotated back to the Cartesian
coordinate system using the inverse of eq. (3.37).
After computing the star state, which we discuss next, we must fill in ghost cells for each
material. The breadth of this region from the interface is determined by the stencil size of the
numerical method. In LSC-AMR, the extrapolation is performed using the Fast Marching Method
(FMM) [56] which uses average of the states that are “downstream” of it relative to the level-set
signed-distance.
3.7.3. Mixed-material Riemann Solvers
The Riemann ghost fluid algorithm relies on the solution of a mixed-material Riemann problem
at the material interface. The solution depends on the orientation of the material, the materials
either side the interface (solid, liquid, gas, vacuum) and the user specification of the interface
behaviour for the case of solid-solid interactions (slip, stick, weld).
The objective is to determine the state at the interface between two materials, W̃L/R. For
simplicity we refer to the left state as the real material and the right as the ghost material. We
begin by rotating both material states such that their interface normal lies along the positive
x1-direction. These rotated states are used to compute the right eigenvectors of the linearised
system at each of these states: RL and RR. Once material interaction has been determined, we find
the interface states using these right eigenvectors as per the linearised approach in Barton [30]:
W̃L = WL +
1
ρL
(σ̃1k − σ1k)RLek (3.38)
where the stresses σ1k are determined such that the interface stresses and velocities of the linearised
problem satisfy the required relationships:
























3. Non-interacting: σ̃L1k = σ̃
R
1k = 0.
The analytical expressions for tractions and velocities for all relevant situations are derived fully
in Barton [30], and will not be repeated here. If the initial mixed Riemann solver generates a state
that is under tension, and this is not a welded surface interaction, then the situation is effectively
that the right-hand material is a vacuum, and a vacuum is generated.
3.8. Adaptive Mesh Refinement (AMR)
The solution of problems in science and engineering are often three dimensional and require
high resolution. In practice, however, it is not necessary to use high resolution everywhere in the
domain. Indeed, it is costly to do so as Finite Volume Methods are O(N3) in two dimensions and
O(N4) in three dimensions due to the dependence of the time step on the cell size.
Finite-Volume methods are second order accurate in smooth regions, but only first order accu-
rate near discontinuties. Therefore, it is sensible to selectively use more cells near discontinuities
and fewer elsewhere.
Adaptive Mesh Refinement provides just that, a grid adaptivity to areas where large errors are
expected to occur. The implementation in LSC-AMR follows Deiterding [57] and shall not be
repeated here. We remark that the user must select suitable parameters for the refinement factor,
k, and number of levels. Generally the number of levels must not exceed three and refinement
factors should generally be set to two. Larger refinement factors have been tested with success on
axi-symmetric impact problems in section chapter 6.
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Chapter 4
Validation of the numerical
implementation
To validate the numerical implementation we begin with a series of standard test problems to
examine wave propagation in solid materials. We also demonstrate the application of complex
constitutive relations to capture material behaviour at high strain rates and large strains. At low
speed, these non-linear waves (shocks, rarefactions) do not come into existence,
4.1. 1-d initial value problems
To assess the performance of the MUSCL-Hancock method, we begin by solving Riemann prob-
lems that involve three-dimensional deformations. Riemann problems are initial value problems
consisting of two uniform states, separated discontinuously at an interface. Depending on how
the initial states are chosen, the solution of the Riemann problem for non-linear elasticity can
consist of up to eight constant states separated by seven distinct waves. These are from left to
right: a longitudinal wave, two transverse shear waves, a contact wave, two more shear waves
and a further longitudinal wave. Crucially, Riemann problems are known to have exact solutions
for non-linear elasticity [8], which allows the assessment of numerical methods.
We must close the system of equations by specifying an isotropic hyperelastic equation of state.
The Romenski equation of state eq. (2.37) is used, which relates the specific internal energy in
terms of potentials describing the hydrostatic and thermal energy density, and parameters for
copper given in table 4.1.
4.1.1. Solid/solid ‘stick’ problem
In the first test problem both materials are copper and the initial conditions are set as in eq. (4.1).
This problem originally appeared in [8] and is a modification of test case [58]. It could be modelled
as a single material problem, and the result is equivalent, but instead is modelled using an
interface tracked scheme with the interface set to ‘stick’. The solution comprises, in order from
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Parameter Value Units
ρ0 8.93 g cm−3
c0 4.6 km s−1
cv 3.9× 10−4 kJ g−1 K−1
T0 300 K




Table 4.1.: Copper parameters for Romenski equation of state.
left to right, a left travelling longitudinal shock, transverse rarefaction, and transverse shock; the
right travelling wavetypes are symmetric to the left.
A uniform grid is employed over the range [0:0.01] m with grid cell spacing ∆x = 1/500 cm.
The CFL number is set to C = 0.6 and the interface between the two states is located at x0 = 0.5 cm.






























S = 0 kJ g−1 K−1.
(4.1)
The solution shown in fig. 4.1 comprises three left travelling rarefaction waves, a right travelling
contact, and two right travelling rarefactions led by a right travelling shock wave. There are small
errors observable in the density and entropy variables, which are analogous to the ‘heating’ errors
that can be observed in gas dynamics problems. Heating errors are discussed more in Barton et
al. [30] and can be corrected using the entropy fix.
4.1.2. Solid/vacuum problem
The second and final one-dimensional problem assumes that only the left hand material is solid.
The interface, x0 = 0.5 cm, is a free-surface of semi-infinite solid and the right hand region is
taken to be vacuum. The initial conditions are taken from those of the left material of the previous
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Figure 4.1.: Comparison of exact (solid red line) and numerical (points) solutions for the
solid/solid ’stick’ testcase at time t = 0.6 µs using the Riemann ghost fluid method.
Numerical solutions were obtained with a grid spacing ∆x = 0.01/500 m.
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S = 0 kJ g−1 K−1,
(4.2)
As in the previous example, a uniform grid was employed in the range [0:0.01] m with grid cell
spacing ∆x = 1/500 cm, and CFL number taken to be C = 0.6.
The solution comprises a longitudinal rarefaction wave followed by two transverse shock
waves all propagating to the left of the initial contact. In this case, we also observe that there is
acceleration of the interface which is accompanied by a relief of the traction of the free-surface,
which should see all components go to zero. The multi-material method is successful in achieving
the zero-traction boundary condition and prediction the locations of non-linear waves and the
movement of the free-surface.
The MUSCL-Hancock method is second order accurate spatially and first order accurate
temporally. We therefore expect error to decrease by four for each resolution doubling (or
halving of cell size) over smooth regions, but degrade to first order at local extrema.
It is clear that the numerical method is capable of correctly predicting the location of all non-
linear waves as well as the free surface in fig. 4.2. However at this resolution, the MUSCL-Hancock
method clearly smooths out several non-linear waves so they are almost indistinguishable (see
σ13 in particular). This error will reduce with increased resolution.
We also observe heating errors in this example, illustrated by the small undershoot in density
and a prominent overshoot in entropy in the vicinity of the contact surface on the right hand side.
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Figure 4.2.: Comparison of exact (solid red line) and numerical (points) solutions for the
solid/vacuum testcase at time t = 0.6 µs. Numerical solutions were obtained with a
grid spacing ∆x = 1/500 cm. At this resolution we are unable to capture all features
perfectly and some smoothing of shocks and contact waves are observed. A smaller
grid spacing will improve correspondence to exact solution.
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4.2. Taylor bar impact problem
The scheme detailed in chapter 3 is tested in two dimensions by simulating the axi-symmetric
Taylor-bar impact problem. Interactions between materials are captured and tracked with a
level-set, and interface boundary conditions are exchanged with the Riemann ghost fluid method.
The solid is solved with the MUSCL scheme, limited with van-Leer, with an approximate HLL
Riemann solver. The application of this multi-material approach forms the basis of the remaining
work.
The Taylor rod impact experiment was devised in the 1930’s to examine high strain rate
properties of materials. It is a useful benchmark of constitutive models in hydrocodes as it covers
a broad spectrum of strain-rate behaviour with high strain rate deformation at the impact face to
low strain dynamic elasticity at the rear [37].
A rectangular copper section of length 32.4 mm and radius 3.3 mm is initialised with a velocity
equal to νy = −227 m s−1 on a domain of length 35 mm and width 10 mm. Perfect plasticity
behaviour is assumed. Reflective boundary conditions are assigned along the y-axis and reflective-
slip is specified to simulate a rigid wall. Everywhere else is transmissive. Elastic behaviour is
dealt with using the Murnaghan constitutive law and parameters for copper have been taken
from standard texts. The simulation is run until 100 µs.
Predicted bar length and radius are in agreement with simulations results reported in the
literature as shown in table 4.2.
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4.2 Taylor bar impact problem
Case
Final length Final base radius
(mm) (mm)
Current 21.60 7.00
Udaykumar [36] 21.35 6.75
Camacho [59] 21.43 7.23
Table 4.2.: Summary of published results for the normal impact of a Copper rod at 227 m s−1 with
current LSC-AMR prediction for comparison.
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4.3. Tracking material interfaces
There are two measures of material deformation in multi-material elastic-plastic simulations, the
inverse deformation gradient g and the level-set. These are essentially decoupled, and so may
have a tendency to deviate over time. In this section, we examine how precisely the level-set is
tracking the material interface by integrating g.
A potential mismatch was highlighted when running purely elastic impact problems; the
material fails to restore to its initial configuration over time following deformation, even at high
resolutions.
We can integrate the inverse deformation gradient with respect to the deformed configuration
in order to obtain the original (undeformed-material) coordinates, Xi. The discrepancy between
this calculated original coordinate and the actual original tells us about how well the level set
is tracking the material deformation. We compute the integral by sampling from a fixed point
that is sufficiently far from where most material deformation is happening, as shown in fig. 4.3.
























4.3.1. Examples of original configuration recovery
We examine this potential mismatch on two impact problems, the Taylor-bar impact problem and
the impact of a sharp particle on a deformable plate/substrate. The latter is considered more
challenging because of the particle shape and its interaction with a second material. In the former
Taylor bar test, we aim to recover the original undeformed rectangular rod, whereas in the latter
case the integration should recover a straight line corresponding the original plate configuration.
This is illustrated in fig. 4.3.
The relevant components of the inverse deformation gradient for both cases are illustrated in
fig. 4.4 and fig. 4.5. The recovery of the original configuration for both tests are shown in figure
fig. 4.6. The initial configuration of the Taylor rod is easily recovered even at low resolutions. For
the sharp impact problem, an error clearly emerges, which converges with resolution but not in
the region around the impact site. This suggests that a few cells with large g have been missed
due to the erroneous positioning of the level-set. This error is what causes incorrect computations
of the energy conservation integral.
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A possible solution is to adopt higher order level-set advection method. Alternatively, the
Reference Map Technique by Kamrin et al. [60] removes the need for a level-set entirely.
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X i=∫ gij dx j
Figure 4.3.: Illustration of the integration of the inverse deformation gradient gij, with respect to
deformed coordinate along path C, to recover original configuration, Xi.The reference








































































Figure 4.4.: Taylor-rod impact result at t = 25 µs. All relevant components of g plotted.
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Impact at t=2.5e-05s
(a) gxx









































































































recovered X, res 2
recovered X, res 1
deformed x
(b) 2-d impact of sharp projectile.
Figure 4.6.: Recovered configuration (red circles) compared to deformed configuration (green
circles) for two test problems. Initial configuration plotted for reference (black line).
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4.4. Conclusions
In this chapter we validated our finite volume implementation, LSC-AMR, using standard test
problems in solid mechanics. We examined the performance of the MUSCL-Hancock method
to capture the full 7-wave solution in 1-d initial value Riemann problems and we validated the
multi-material algorithm on the axi-symmetric Taylor-bar impact.
We also explored the tendency of the level-set and deformation gradient to deviate from each
other over time. This was demonstrated by attempting to recover the initial configuration by
integrating the inverse deformation tensor up to the zero contour in the deformed configuration.
The error was assessed by comparing the predicted initial configuration to the actual initial
configuration. The error was most severe for impacts involving sharper impact projectiles, but is
shown to converge away with resolution.
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Chapter 5
Modelling low speed structural
impact problems
5.1. Introduction
This work investigates the application of Eulerian Finite Volume techniques to simulate the low
speed impact of metallic spheres on plates. Traditionally, low speed structural impact problems
are solved using the Finite Element Method (FEM). However the reliability of finite element
simulations may be reduced when the simulated material undergoes high strain rates and large
deformations which can lead to severe distortion and tangling of the finite element mesh [50].
This arises for low speed impact of sharp impacts which require the coupling of mesh-free
smooth-particle hydrodynamics (SPH) and FEM to circumvent this issue, complicating modelling
substantially.
Here we consider an alternative approach where the entire problem is solved on a fixed, Eulerian
grid. Previously, Finite Volume methods based on the Miller and Collela [10] and Godunov and
Romenski [46] formulations have been limited in application to high speed (in excess of 500 m s−1)
impact problems. Good examples include the complete simulation of condensed-phase explosives
deforming a surrounding solid confiner material [18] and high speed ballistic impacts [12, 61].
The demonstrable advantage of these methods include the ability to model distinct physical
processes on the same computational grid and the availability of high-order shock capturing
schemes for the numerical solution of such systems. Considerable progress has been made in
this area, and a comprehensive summary can be found in Schoch et al. [18]. The solid material
approach adopted here provides an accurate treatment of elasticity, plasticity and hydrodynamic
(shock-wave) effects.
Interest in the low speed regime which covers the range 10 m s−1 to 100 m s−1 is motivated by
applications to particle erosion which arises in situations as diverse as coal-fired power plants,
and aircraft turbine engines [62]. The mitigation of the effects of impact damage is important
in blade containment in gas turbines and nuclear reactor safety [63]. A number of studies exist,
including the work of Sundararjan [64] who developed simplified analytical models for the impact
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of metallic spheres on plates. This body of work is comprehensive, exploring and characterising
the nature of energy absorption on impact [65], restitution [63] and material deformation [63].
Recently, Papini et al. [66, 67] studied the impact of angular particles on metallic plates and
developed sophisticated coupled SPH and FEM approaches [50, 68]. They demonstrate how




Model Parameter Copper Steel (I) Steel (II) Units
Int. Engy. ρ0 8930 7850 7850 kg m−3
s 1.49 1.339 1.49 m s−1
c0 3940 5970 4569 m s−1
T0 298 298 298 K
γ 1.99 2.17 – –
Cv 390 490 490 J kg−1 K−1
Plasticity A 0.090 1.559 0.530 GPa
B 0.292 0.477 0.229 GPa
C 0.025 0.012 0.027 –
n 0.310 0.180 0.302 –
m 1.090 1.000 1.000 –
Tm 1356 1753 1836 K
Misc. HV 48 551 140 –
ν 0.27 0.31 0.30 –
E 110 202 – GPa
G 43.3 77.3 81.8 GPa
Table 5.1.: Mie-Grüneisen elastic equation of state and Johnson-Cook plasticity model properties
for steel (I & II) and copper.
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5.2. Problem description
In the following chapter, we examine the convergence behaviour of the Finite Volume method
and compare results to the Finite Element Method. We also demonstrate how the Finite Volume
Method can be used to capture general impact trends. We study the impact of a steel ball on a
steel and copper target.
5.2.1. Simulation assumptions
The dimensions and materials are taken from Tirupataiah and Sundararajan [63] with the aim of
reproducing the general trends reported there. A number of important assumptions are made
about the material and interface behaviour:
Particle behaviour It is assumed that the ball is harder than the plate and so behaves
only elastically, unless otherwise stated. This assumption is fair given
that Tirupataiah [63] demonstrates that if the ratio of the hardness of
the ball to plate is greater than 1.50, the ball does not undergo plastic
deformation over the impact velocities considered here.
Solid interface The interface is assumed to be the friction free slip interface. Testing
reveals that a slip interface yields the exact same crater depth as stick,
however the crater lip is higher and more pronounced. In later studies
Roy et al. [69] demonstrates that friction plays a far less important role
in material deformation for normal rather than angular impacts.
Plasticity model The strain-rate and thermal softening dependent Johnson-Cook model
is assumed for the plate only. Comparison to experiment reveals that
a simpler strain-rate independent model, like perfect plasticity, will
overestimate material deformation.
Thermal effects An impact at 100 m s−1 of steel on copper yields a temperature rise of
50 K. This represents a very small change in the Johnson-Cook thermal
softening terms and does not give rise to a significant change in the
crater profile over the range of impact velocities considered here.
Material parameters The Johnson-Cook parameters are taken from Johnson [49] for cop-
per and steel. Steel (1) in table 5.1 corresponds to S-7 Tool Steel in
Johnson, and was selected due to good hardness correspondence with
Tirupataiah [63].
The domain setup is shown in figure 5.1A. It consists of a 4.76 mm ball impacting a 3 mm by
5 mm thick plate within a zero work vacuum material. The plate is assumed to be welded to the
boundary, and the boundary at X = 0 is set to reflective. The CFL value is set to 0.8 and the ball
and plate are initially separated.
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(a) Impact schematic showing relevant plate and
ball dimensions. Ball diameter is 4.76 mm.
Plate width X, is 40 mm and height Y, is
10 mm
(b) Computational domain showing two AMR levels.
Figure 5.1.: Impact configuration and domain setup illustrating the application of two fixed mesh
refinement (factor 2) levels at a base resolution of 1002 cells. Cylindrical symmetry is
assumed with reflective boundary at X = 0 . The domain is enlarged at little extra
cost to ensure boundary effects are eliminated.
Figure 5.2.: Measured output quantities consisting of lip height, h, crater depth, d and crater
length, l.
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(a) t = 0.5 µs
(b) t = 1 µs
(c) t = 7 µs
Figure 5.3.: Strain rate (left) and pressure (right) filled contours for 50 m s−1 impact of hardened
steel ball on steel (I). All units in mm.
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5.3. Results and discussion
Collisions between single particles and bare substrates are normally characterised in terms
of energy losses and coefficients of restitution. We study both these properties to assess the
convergence of the finite volume method and then compare results to the finite element method. A
parameter study over a range of impact velocities is then performed and compared to experiment.
5.3.1. Impact dynamics
We begin by investigating how the impact dynamics change depending on the particle impact
velocity and the plate material properties. Two impact velocities, 30 m s−1 and 100 m s−1 are
examined as well as two different plate materials, copper and steel (I). Figure 5.4 shows the time
evolution of the kinetic energy and internal energy of the ball and plate for three examples. The
solid black line is the total energy of the system which is the sum of kinetic and internal energy
and any deviation of this line is the actual dissipation introduced by the numerical scheme. In
all simulations, the resolution is set sufficiently high to ensure energy is perfectly conserved
throughout the simulation time. Convergence is also assumed when the difference in the crater
profile between two resolutions is unchanged. This, however, is a weaker convergence criterion.
The simplest case of the normal impact of an elastic sphere on an elastic half-space is examined
first. The time history of energy conservation, figure 5.4A, shows that the kinetic energy of the
rebounding ball is a fraction lower than its impinging value. This difference is due to stress
wave propagation in the plate and is captured by LSC-AMR. This energy loss is observed to
be negligible relative to the impact energy over the impact velocity range 10 m s−1 to 200 m s−1.
Further studies on this topic show that energy loss is a function of the contact time between the
ball and plate and the plate size, and will be left as future work.
When the plate is assumed to behave elastic-plastically with a Johnson-Cook deformation law,
the plate undergoes permanent deformation and absorbs more strain energy. As the impact
velocity is increased, a larger proportion of the kinetic energy is transferred to the plate leading to
a lower coefficient of restitution and a shorter contact duration. When the plate is set to a softer
copper material instead of hard steel (I), the deformation is greater, and the ball’s kinetic energy is
almost completely transferred.
The specification of the interface condition leads to subtle differences in the crater profile as
shown in figure 5.5. For Johnson-Cook, the differences are negligible, however the perfect law
highlights how the impact depth and, more significantly, lip height are reduced when stick is
specified.
5.3.2. Thermal effects
The Johnson-Cook model permits a thermal softening effect which can affect the crater size. The
equations of states given in section 2.7 on page 14 are tested in conjunction with the thermal
softening Johnson-Cook model.
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(c) 30 m s−1 impact of Johnson-Cook plastic copper plate.
Figure 5.4.: Time history of energy conservation of a 30 m s−1 steel ball impact
on a plate.
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Figure 5.5.: Illustration of how interface condition and plasticity model can lead to different crater
profiles on impact of 50 m s−1 steel ball on copper plate.
5.3.3. Convergence properties of FVM
Convergence of FVM is assessed on the lip and depth height, fig. 5.6A, the coefficient of restitution
(COR), fig. 5.6B the L1 norm of the total energy in the system, fig. 5.6C and ball trajectory for
30 m s−1 and 100 m s−1 impacts, fig. 5.6D. The coefficient of restitution is computed by performing
an integration over the kinetic energy of the ball accounting for the volume fraction of the cell
using the level-set.
Figure 5.6A shows the crater and lip height for a 100 m s−1. At relatively coarse resolutions the
crater volume is approximately correct (within an error of 15%) compared to higher resolutions.
For lower speeds the depth and lip height converges faster, with depth and lip height plateauing
at 20 µs.
COR highlights a far greater dependence on resolution, particularly for purely elastic and
predominantly elastic simulations, as shown in figure 5.6B. For many cases achieving perfect
energy conservation over the entire simulation duration proves to be a challenge, necessitating
high resolution. We note that convergence is easier when specifying a stick interface between ball
and plate than frictionless slip.
5.3.4. Comparison between FVM and FEM for the axi-symmetric impact of
ball on plate
We compare the behaviour of the finite volume code, LSC-AMR to the finite element code, Abaqus
CAE (v6.13.4), using the same model configuration shown in figure 5.1A. Ball and plate are both
assumed to be elastically deformable but only the plate is permitted to undergo yielding. Interface
conditions are set to the kinematic contact method with finite sliding and hard-frictionless (slip)
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cell size, ∆x µm
(a) Depth and lip height, left 100 m s−1,













cell size, ∆x µm
plastic, 30 m s−1
elastic, 30 m s−1
elastic, 100 m s−1
(b) Coefficient of restitution of a 30 m s−1
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plastic
elastic

























(d) Convergence of ball trajectory for
30 m s−1 and 100 m s−1 elastic impact.
Figure 5.6.: Convergence behaviour of the axi-symmetric impact of a steel ball on an elastic and
elastic-plastic plate assuming perfect plasticity for the plate.
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Result
Test parameters COR dmax (mm) hlip (mm)
vi (m s−1) plate plate plas. model FEM FVM FEM FVM FEM FVM
1 30 steel None 0.9995 0.9667 – – – –
2 30 steel Perfect 0.6159 0.6018 0.0572 0.0578 0.00643 0.0124
3 30 steel J–C 0.6720 0.6630 0.0479 0.0490 0.00371 0.0060
4 50 copper Perfect 0.0723 0.0675 0.4870 0.4870 0.2870 0.3270
5 50 copper J–C 0.4320 0.4213 0.2920 0.2861 0.0569 0.0456
Table 5.2.: Comparisons with FEM on coefficient of restitution (COR) and crater dimensions for
selected tests.
interaction. The element size is set to 2.5× 10−2 mm and the mesh is uniform. For tests that lead
to significant plate deformation, it has been found that reducing the element size and specifying
the penalty contact method instead of kinematic improves robustness. A linear elastic model is
specified with Young’s modulus and Poisson’s ratio shown in table 5.1.
Table 5.2 summarises the performance of FEM and LSC-AMR for a selection of impact speeds,
plate materials and plasticity models. We compare both codes on the Coefficient of Restitution
(COR), and crater depth and lip height. We start with an entirely elastic 30 m s−1 steel impact. The
energy profile is shown in figure 5.4A and the COR values are shown in row 1 of table 5.2. The
COR value highlights a small but nonetheless significant discrepancy between FVM and FEM.
Purely elastic simulations should converge to a value close to 1, and though this is the case for
FEM, there is a small yet significant gap in the kinetic energy of the rebounding sphere and the
total energy. Figure 5.6B shows it is likely to converge linearly to the expected value however the
resolution and time required to get there is orders of magnitude larger than FEM.
Tests 2 and 3 in table 5.2 show good correspondence between FEM and FVM on all metrics.
It should be noted that maintaining good energy conservation is generally more difficult with
FVM than FEM due to the high resolution requirement. This appears to stem from the first-
order convergence of the interface tracking algorithm. We observe that experiments with the
stick interface are generally easier to converge compared to slip, probably because the degree of
deformation is smaller and this conclusion applies to perfect plasticity vs Johnson-Cook as well.
Low-speed (30 m s−1) purely elastic simulations (and those with large elastic components) are
slower to converge regardless of the interface condition than plastic high speed tests (100 m s−1).
A direct comparison of energy conservation and crater profile is shown in figure 5.7 for the
50 m s−1 impact of a perfect plastic copper plate.
5.3.5. Velocity parameter study
Figure 5.8 shows how the simulated predictions (filled coloured points) of plate crater volume
compare to the experimental results [63] (black points) over a low speed velocity range 20 m s−1
to 200 m s−1. The crater volume is normalised by particle volume and expressed as a percentage.
The volume of the crater formed can be calculated a number of ways. Tirupataiah [63] measures
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Figure 5.7.: Comparison between FEM and LSC-AMR for the 50 m s−1 impact of steel ball on
copper plate showing the effect of enforcing a rate dependent Johnson-Cook plasticity
model.
the formed crater using an optimal microscope to obtain the crater width and then determines the
volume using simple geometrical relations. We find that this method tends to overestimate the
actual volume. We instead calculate the volume exactly by post-processing the axi-symmetric
result. We choose to include the lip height contribution, however this is relatively small compared
to the volume of the entire crater. In all cases the ball is a 4.74 mm diameter steel sphere, of density
7850 kg/m3. Two plate materials are tested, a hard ‘S-7 tool’ steel and a much softer ‘OFHC’
copper. This test was selected as the deformation is much magnitudes larger for the copper
material compared to the hard steel, presenting a challenge to numerical methods.
We begin by discussing three sets of experiments, differentiated by plasticity model and plate
parameters. The impacting sphere is assumed to be elastically deformable in all cases. All plate
materials assume Johnson-Cook material law with the exception of perfect plastic copper (filled
pink points in figure 5.8) which is illustrated for comparison. The simulation results with Johnson-
Cook plasticity compare favourably with Tirupataiah and Sundararajan [63] and the general trend
is captured for both steel on hard steel (I) (red points) and steel on soft copper (purple points). The
perfect plasticity law gives rise to an overestimation of crater volume deformation, nevertheless,
the general trend remains correct. The lip heights, depths and crater volumes for the steel ball on
Johnson-Cook copper plate study are reported in table 5.3 for reference.
If the ball is permitted to undergo plastic deformation on impact, a slightly different trend
is observed. The filled yellow points correspond to the impact of a mild steel (II) ball on hard
steel (I) plate, both modelled with Johnson-Cook. Again, the simulated results fit the reference
experimental data well over the range of velocities reported.
5.3.6. 3-d oblique impact
The oblique impact of a steel ball impacting at 50 m s−1 at an angle of 45◦ using LSC-AMR
in 3-d is investigated. A convergence study on the crater profile is shown in fig. 5.10 with
the corresponding energy integrals in fig. 5.11. We see that while the total energy is not fully
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Steel on copper (Perfect) simulation
Steel on copper simulation
Steel on copper [63]
Steel on steel (I) simulation
Steel on steel (I) [63]
Steel (II) on steel (I) simulation
Steel (II) on steel (I) [63]
Figure 5.8.: LSC-AMR prediction of plate crater volume normalised by projectile volume for the
normal impact of ball on plate over a range velocities. Results of Tirupataiah and
Sundararajan (1990) [63] plotted for comparison. Three experiments are considered,
hard steel on copper, hard steel on steel (I), and soft steel (II) on steel (I). The rate
dependent Johnson-Cook model captures the trends across all experiments.
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Steel on steel (I)











Figure 5.9.: Energy absorbed on impact and coefficient of restitution for the normal impact of ball
on plate.
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5.3 Results and discussion
Incident parameters Measured crater quantities
νi (m s−1) θi (o) dmax (mm) hlip (mm) vol (mm3) normalised (%)
21 90 0.124 0.017 0.135 0.238
36 90 0.209 0.031 0.419 0.742
75 90 0.427 0.074 1.735 3.078
125 90 0.722 0.140 4.792 6.209
201 90 1.221 0.267 12.969 16.292
Table 5.3.: Tabulated crater quantities corresponding to velocity parameter study of the normal
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(b) Maximum crater profile normal to direc-
tion of impact.
Figure 5.10.: Convergence behaviour of the 50 m s−1 oblique impact of a steel ball at 45◦ on a
JC-plastic copper plate.
converged, the error delta between the profile formed at the highest resolution and the profile at
the middle resolution has decreased considerably.
∆x (µm)
Measured crater quantities
dmax (mm) hlip (mm) bmax (mm) blip (mm) wmax (mm) volume (mm3, %)
40 0.169 0.0407 1.200 0.0222 2.400 0.059
20 0.201 0.0679 1.150 0.0213 2.300 0.143
10 0.210 0.0817 1.100 0.0303 2.250 0.162
Table 5.4.: Tabulated crater dimensions corresponding to convergence of 50 m s−1 oblique impact
of a steel ball on copper plate at 45◦.
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Figure 5.11.: Total and kinetic energy of 3-d oblique impact problem for three cell sizes using
LSC-AMR.
5.4. Conclusions
In this chapter we demonstrated the application of the Eulerian finite volume method to solve low
speed structural impact problems. We analysed the convergence properties of FVM and compared
results to FEM over several sets of impact conditions. FEM was generally found to be less robust
particularly for simulating large deformations where cells around the deforming interface were
observed to warp catastrophically. The specification of the kinematic contact method instead of
penalty approach in Abaqus as well as meshing adjustments alleviated this issue.
Experimentally reported velocity impact trends for the normal impact of hard rigid spheres
on two softer substrates [63] were successfully recovered using LSC-AMR. We observed that
the Johnson-Cook plasticity model was needed to obtain best agreement with reported trends.




Modelling the low-speed impact of
coated substrates
6.1. Introduction
This chapter investigates the application of the Eulerian Finite Volume Method (EFVM) to simulate
low speed impact loading of metallic spheres on coated metal plates. Development of numerical
tools to simulate coated material response is motivated by applications to the automotive and
aeronautical industries where the design of impact resistant coatings through careful selection of
materials and layer configurations is required to protect the underlying substrate from stones and
other small projectiles. Progress in this field has been driven by the development of sophisticated
single impact-testing apparatus to understand the mechanism of coating failure [38, 41,44,70] and
test new coating designs [71]. Here we present the finite volume method as way to help drive
progress in this field. Simulation plays a key role in understanding the physical processes (like
damage and delamination mechanisms) and could be used as a key component of the design of
impact resistant layer configurations. We choose to focus on automotive coating damage due to
stone impact, which is a major concern in the industry.
Automotive coatings can undergo severe damage when subjected to stones moving between
5 m s−1–40 m s−1. Damage can manifest as superficial scratching [72–74], physical loss of material,
known as ‘chipping’, or delamination at the metal polymer boundary, leading to corrosion of the
underlying substrate. To prevent damage, coatings are often multi-layered with anti-chip, primer
and clearcoat layers designed to provide protection of the underlying substrate. There are two
different types of damage that can manifest within a multi-layer coating system due to impact and
these are identified as ‘adhesive’ or ‘cohesive’ failure. Adhesive failure occurs when the adhesive
strength between two layers is exceeded resulting in delamination and peeling. Cohesive failure
occurs by crack initiation and propagation within a layer or across the entire multi-layer coating.
The mechanism and severity of failure is determined by the impact parameters such as impact
velocity, projectile size, impact angle, ambient temperature and projectile angularity. It is also
determined by coating thicknesses, material properties and interface adhesive properties of the
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coating. Each component of a multi-layered coating has different mechanical and interfacial
adhesive properties and table 1 of Zehnder et al. [42] shows how the mechanical properties can
change traversing the paint system.
The theory underpinning coating failure has also been driven by the field of blast cleaning
[45, 75]. Research in this area is motivated by the need to substitute high polluting chemical
processes to remove coatings with cleaner mechanical alternatives. A stream of particles are fired
at high velocity towards a coated substrate. Simulation and experiment is used to match type of
paint with the type of particle and find the optimal velocity and impact angle to ensure maximum
paint removal without damaging the substrate.
There are several theories governing the nature of stresses involved in coating failure during
the impact event. Ramamurthy [39] suggests that at the point of impact a compressive wave
propagates through the coating layers and the particle at approximately the acoustic wave speed
in each respective material. The peak stresses can reach 0.4 GPa. These waves reflect in tension
from free surfaces of both the substrate and particle. When the tensile wave reaches the impact
interface the projectile and substrate separate and further wave reflections occur. As stress waves
propagate through the paint layers, local stresses may far exceed the interface adhesion and
material strengths resulting in fracture, delamination and spallation. Further interaction between
projectile and target may lead to significant deflection of the substrate. Papini and Spelt [75, 76]
explore the fundamental mechanisms governing organic coating removal, concluding that the
process is predominantly quasi-static as opposed to dynamic, therefore dynamic effects such as
wave reflection at the interface are negligible. Instead, they show that coating removal is due to
interfacial shear stresses and that delamination occurs typically at the coating having the weakest
interfacial strength, whereas coatings having high interfacial strength are removed by mechanical
erosion. Coating damage is reported to happen as a result of three subsequent processes [45]:
– Initiation of delamination at the onset of impact due to large shear stresses at the interface;
– buckling of the paint film due to large radial compressive stresses in the film, which come
from particle penetration in the coating;
– delamination of coatings in mixed mode, through a combination of ‘opening’ mode (I) and
‘sliding’ mode (II) failure [77].
Experiments to assess coating resistance involve firing ‘multiple’ streams or ‘single’ particles at
a target. Single impact tests provide better control over the projectile velocity, and angle, giving
more reproducible results. A comprehensive review of each method is given by Ramamurthy
et al. [39], which is an excellent introduction to the subject of automotive coating damage due
to impact. The standard stone impact tests are documented in detail in many texts including
Streitberger and Dossel [78]. They include, the stone chip test (DIN 55996-1), the ‘gravelometer’
J400, and the single-stone impact gunshot test (DIN 55996-2). However, often they show limited
possibilities to set important variables to fully resemble the service conditions of automotive
stone impact. The use of inappropriate projectiles or the inability to control impact temperature
are typical shortcomings. Lonyuk [40, 71] presented a new single impact tester to address these
shortcomings and correlate stone-chip resistance to mechanical properties of automotive coating
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systems. Various experiments are performed to establish trends in stone chip response given
impact angle, temperature, velocity and primer formulation.
Ramamurthy and Zehnder [42] investigate the temperature rise in the coating, reporting
increases as high as 200 K in some cases, high enough to put the coating past its glass transition
temperature, Tg. Papini and Spelt [75, 76] investigate the buckling and delamination of thin
organic coatings due to impact. Rosler et al. [44] shows how the morphology and adhesion of an
organic coating changes subject to heat, reporting a temperature rise of 80 K. Figure 6.1A shows
damage to a styrene-butadiene copolymer due to the impact of 2 mm steel spheres at 71 m s−1
and figure 6.1B shows damage to a alkyd coating due to the impact of a 50 m s−1 glass ball. In
both cases, the central impact region is damaged down to the substrate and is surrounded by a
wide circular wall, where the coating has delaminated.
Computational modelling of coating response due to impact includes the early work of Rama-
murthy et al. [43] who use FEM hydrocodes to model stress wave distribution within a five layer
automotive coating system system. They demonstrated that by changing the bulk modulus of the
layer that sits immediately above the substrate, the stress response of the clearcoat layer had a
much higher compressive value for radial and hoop components. Zouari and Touratier [45, 79],
validate FEM against single impact experiments, solving an inverse problem to obtain Johnson-
Cook parameters for coating behaviour. A debonding criterion determines when paint nodes
are allowed to separate from the substrate using normal and shear failure stresses deduced from
tear-off tests. The criterion does not take into account of the results of fracture mechanics theory.
Gong et al. [80] couple FEM and meshfree smoothed particle hydrodynamics (SPH) simulation
using ANSYS and LS-DYNA. Komvopoulos [81] use the finite element method to analyse the
indentation of a layered solid in normal contact with a rigid surface. Han and Siegmund [82]
studied the numerical simulation of wear failure due to delamination using a cohesive zone
model. More generally, Camanho and Davila studied mixed mode delamination propagation in
composite materials [83]. This model is used in Abaqus to simulate damage to bonded interfaces.
A good introduction to shock physics in the context of paint impact can be found in Ramamurthy
et al. [39] and shall not be repeated here. The key implication of this work on stone impact
problems is that in most cases impact failures are tensile, not compressive. The reason for this is
wave reflection. For an impact normal to the surface, a compressive wave propagates through the
paint layers and the projectile at the acoustic wave speed in each media. These waves are reflected
in tension from low-impedance free surfaces of the target and projectile. Since many materials
are weaker in tension than compression, damage is caused at the interface by converging tensile
waves from boundaries. This effect is known as ‘spall’.
6.1.1. Previous work on coating material response due to impact loading
The dynamic material response of polymer coatings under impact is still an open research problem.
Experiments show that at sufficiently high impact energy the coating is pulverized beneath the
blunt tip of a stone. This is typical of failure under compression which can be modelled with
a suitable failure model. A finite volume failure model for coatings does not currently exist,
however FVM can still provide insight into failure processes and failure thresholds.
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Material response in the stone impact problem may also include, plastic deformation of the
metal substrate, delamination, spall and viscoelastic effects. Viscoelastic materials [39, 42, 77] are
strong functions of temperature, with higher modulus values at low temperatures, making them
prone to brittle fracture on impact. At room temperature, moduli are lower, and therefore closer
to a rubbery state where yield strengths would be higher.
Numerical models of wave propagation by Ramamurthy et al. [43] have focused on simulating
stress distributions in a multi-layer paint film. Here they adopted an elastic model for coating
and perfect plastic for substrate, while recognising that modelling should be augmented with an
appropriate failure criterion and material model.
6.1.2. Summary
In this work, we apply Eulerian finite volume methods to model coating damage due to stone
impact on automotive coatings. Coating damage can be physical loss of material ‘chipping’,
surface level deformation, scratching, or delamination at the metal-paint boundary.
The use of the level-set ghost fluid method is motivated by the need to capture large defor-
mations, material penetration and sliding interfaces and application of high resolution shock
capturing methods is motivated by the need to accurately capture acoustic wave propagation in
the coating and particle, as well as wave reflection from low-impedance free surfaces.
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(a) 71 m s−1 normal impact of a 2 mm steel
sphere on a styrene-butadiene copoly-
mer. Image taken from Rosler et al.
[44].
(b) 50 m s−1 impact of a 0.64 mm glass
sphere on a 50 µm alkyd coating.
Image taken from Papini et al. [76].
Figure 6.1.: Image of impact region taken from two different experiments illustrating the delami-
nation effect. Each impact crater measures approximately 1 mm in diameter.
Figure 6.2.: Typical automotive coating configuration. Reproduced from Zehnder et al. [42].
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6.2. Automotive coatings
6.2.1. Materials
Automotive coatings are complex multi-layered systems. Each layer is bound to its neighbour and
has different mechanical and adhesive strengths. A typical configuration is shown in figure 6.2
[42], though many alternative configurations exist [78]. This system consists of an electrodeposited
epoxy layer (ECOAT), anti-chip ‘Stoneguard’ layer, primer, base and clearcoat layers. The ECOAT
protects the substrate against corrosion, the anti-chip serves as the last defence against impact, the
primer layer provides photo oxidation resistance and the basecoat absorbs UV rays and carries all
colour pigments. The final clearcoat layer provides mechanical resistance to scratching. Coating
durability to stone impact has traditionally focused on the primer layer, however it has recently
been realised that the highest stress state is found at the clearcoat surface [84]. Therefore impact
resistance also hinges on the mechanical performance of the clearcoat, where cracks will often
start and then rapidly propagate through the layers [84].
6.2.2. Paint adhesion and cohesion
Durability and performance of paint coatings depend on two basic properties. Cohesion and
adhesion. Cohesion is the inner strength of the material and is determined by the strength of
molecular forces in the bulk. It is often measured by conventional tensile and elongation tests
(ASTM D638). Cohesive failure is usually in the paint film itself (abrasion, cracking due to aging,
dissolving in solvent, etc.) although it also could be within the substrate as well. Adhesion is the
strength of the bonds forming between one material and another. Adhesive failure can manifest
as blisters forming at the interface, lifting of the paint film, or any other situation that results
from low adhesion at the interface [85]. Quantitative methods are designed to measure the stress
fracture at the coating-substrate interface and are classified into four groups; tensile, shearing,
indentation and scratch [86].
6.2.3. Relevant parameters in the stone impact problem
Paint damage due to stone impact of a vehicle exterior depends on a number of projectile variables
such as size, shape, mass and material. Impact conditions from related works are summarised
in table 6.1. Impact typically happens at 5 m s−1–40 m s−1 and the particle size can range from
2 mm–24 mm. Paints applied to automotive bodies typically have a thickness between 0.1 mm






(a) Simulation test setup schematic. Base configu-






(b) Schematic highlighting measurable
quantities of interest.
(c) Mesh refinement levels used to simulate deforma-
tion in 0.1 mm coating.
Figure 6.3.: Setup configuration and simulation domain showing mesh refinement levels at
highest resolution. Cylindrical symmetry is assumed with reflective symmetry at
X = 0. The domain is enlarged at little extra cost to ensure boundary interaction is










































































































































6.3 Numerical modelling of low-speed coating impact
6.3. Numerical modelling of low-speed coating impact
6.3.1. Problem description and simulation assumptions
We consider the impact of millimeter sized particles on a coated metal. The problem schematic is
shown in figure 6.3A. The coating thickness is assumed to be 0.1 mm, which is typical for most
automotive coatings, as summarised in table 6.1. Our baseline test consists of a 2 mm diameter
sphere particle. Further assumptions are as follows:
Particle behaviour It is assumed that the ball is harder than the plate and coating and so
behaves only elastically. During impact, the particle is subjected to a
very high stress level which induces its elastic deformation. A rigid ball
assumption would therefore underestimate elastic rebound.
Coating adhesion The coating-plate adhesive bond is assumed to be infinitesimally thin,
and is a possible failure point.
Paint material The multi-layered coating system is approximated as a single layer of
polyurethane.
Failure model At the time of writing, a validated finite volume failure model for
thermosetting plastics does not exist.
Boundary conditions The domain is enlarged sufficiently to eliminate boundary interference.
Simulation is performed in zero-work vacuum material. Presence of
free surface at the lower boundary and substrate flex is investigated.
Substrate material We investigate the impact of coated metals that may correspond to
vehicle panelling such as painted bonnet, doors, wings, mudguards
only. This work does not apply to the impact of vehicle windows or
any coated plastic panelling. The substrate material is aluminium; the
metal of choice for modern vehicle panelling 1.
6.3.2. Modelling coating material response
In the absence of full elastic-plastic material and adhesive failure parameters for each layer we
simplify the problem by considering a single layer of thermosetting polyurethane (PAC33) or
polymethyl-methacrylate (PMMA) as an approximation of a coating. This same assumption has
been made by several authors [38, 45]. It is not essential to obtain material properties or paint
configurations that match a vehicle coating system exactly, but materials that at the very least
approximate the behaviour of an actual coating system are desirable.
It must be recognised that polymers and paints are more complex than metals and have a
stronger sensitivity to temperature and strain rate. Degree of crystallinity can also be important
as well as prior processing history and transitions between glassy and rubbery states at its glass
transition temperature, Tg [88]. The glass transition of the primer layer has been reported to be
1Bodywork material for all Jaguar Land Rover vehicles
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the main controlling factor of chipping [40, 70, 71], however this material property is neglected in
our modelling.
We will examine the application of the isotropic von Mises (J2) yield function and viscoplastic
Johnson-Cook model for the flow stress behaviour of the coating under impact loading conditions.
This plasticity model is not traditionally used for coating material response under impact loading
conditions, seeing most use to metals under shock loading conditions, but it can be used in certain
scenarios for thermosetting plastics as demonstrated by Du Bois et al. [51]. The Johnson-Cook
model is a function of temperature, strain, and strain-rate, and fig. 6.4 shows the dependency of
yield stress, σ, as a function of strain for different values of strain rate. Using function constants
taken from Zouari et al. [45], we see that the yield stress increases with strain rate, and a maximum
value for impact loading under these conditions is ≈ 1× 105 s−1. Thermal softening effects in the
paint layers is ignored as the temperature treatment in the Johnson-Cook model is not appropriate
for thermosetting polymers. The Johnson-Cook model is entirely empirical and requires no
mechanistic input parameters, therefore it can be tuned to model the strain rate response of any
material, and this is how we apply it here.
6.3.3. Coating material properties
Thermoset polymers typically have Young’s moduli between 2 GPa–5 GPa [89]. Zehnder et
al. [42] reports vehicle coatings with Young’s moduli in this range. Papini [38] reports a value of
2.47 GPa and Poisson’s ratio of 0.406, and Zouari [45,80] reports a value of 2.3GPa computed using
relaxation functions. For PMMA the heat capacity is typically between 1370–1835 J K−1 kg−1 and
Polyurethane 1200–1615 J K−1 kg−1 at 298 K [88]. The dependency of heat capacity on temperature
for polymers is dicussed by Richeton et al. [88].
Shock hugoniot data [90] can also be used to recover material properties including elastic
material moduli from the longitudinal and shear wave sound speeds. A longitudinal wave speed
2390 m s−1, shear 1030 m s−1 and density 1264 kg/m3 yields a Young’s modulus of 3.86 GPa, a
shear modulus of 1.34 GPa and a Poisson ratio of 0.386. The Poisson ratio is typical for thermoset
polymers and agrees with the reported range from Zehnder.
We can use any of the aforementioned equations of state in section 2.7 to complete the elastic
model of the coating. We opt for the Mie-Grüneisen model. It is parameterised with the reference
density ρ0, the shear modulus, G. As previously discussed, the coating plasticity response is
modelled with Johnson-Cook and material coefficients are taken from Zouari and Touratier [45].
Table 6.2 summarises the material properties and model parameters that are used for all materials
concerned.
6.3.4. Specification of coating-plate interface boundary condition
We simulate the delamination process between paint and substrate. To do this, we must impose
conditions at this interface.
We begin by examining the slip, stick and weld conditions. We recognise that our modelling
approach, which requires the specification of these interface limits a priori, is not able to capture
the various forms of coating damage that are possible on impact (neglecting frictional effects,
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Figure 6.4.: Johnson-Cook yield stress σ as a function of strain at different values of strain-rate ε̇.







































































































































































































































































6.4 Finite Element Modelling
peeling, fracture and spallation). Nonetheless, we investigate how the dynamics change at each
limit. The slip condition is most appropriate under high speed sliding conditions, as frictional
heating leads to localised thermal softening and melting. However, even at high speeds, a zero
surface tangential force assumption often fails to accurately predict the observed behaviour [93].
Stick, like slip, allows the coating to separate from the substrate in situations where the interface
state is under tension, however tangential stresses are matched across the interface. Weld, assumes
that the coating and plate remain bonded for the duration of the simulation. The investigation of
more sophisticated damage criteria will be left as a future exercise.
As previously demonstrated in section 5.3.4, the specification of the interface condition can
change the impact dynamics significantly. The slip condition between interfaces leads to larger
deformations requires more cells to converge.
Differences can emerge when setting Riemann ghost fluid options. In the ghost fluid state
update, we have the option to modify the state just inside or outside the material interface. In the
level-set update we may either use the velocity from the ghost fluid states or the real material to
advect the interfaces. A parameter study over different interface options shows that a converged
result may predict subtly different deformations. We choose to modify the state outside and use
the real material velocity, as in our experiments this is the most robust combination particularly
when deformations are large and lead to penetration.
6.4. Finite Element Modelling
The finite element comparison is performed with Abaqus CAE / explicit (v. 6.13.4) [94] and the
meshed axi-symmetric and three dimensional models are shown in fig. A.4. The axi-symmetric
model is meshed with a combination of square and rectangular elements. The two simplest
contact properties described previously (slip and stick) are emulated in Abaqus by specifying
the tangential contact behaviour to frictionless and rough respectively. The latter implies that
surfaces are not permitted to slide relative to one another once in contact. Interacting surfaces
can be specified to be inseparable once contact has been made. The Coulomb friction model can
be set between surfaces allowing a static friction coefficient to be specified between interacting
surfaces. The interface algorithm is set to the penalty contact method with finite sliding and
hard-frictionless interaction. The element size is set to 2.5× 10−2 mm and the mesh is uniform in
the plate. Rectangular elements are used in the coating. The coating-plate interface is assumed
infinitesimally thin and can be modelled with any of the aforementioned contact properties,
however, Abaqus also permits the modelling of progressive damage and failure in cohesive layers
whose response is defined in terms of a quadratic traction-separation condition. This is not
supported in two dimensions in v. 6.13.4, so a 3-d version of the same test is implemented. A
linear elastic model is specified with Young’s modulus and Poisson’s ratio shown in table 6.2. The
exact same J2 plasticity models are used in Abaqus as LSC-AMR. Temperature rise due to friction
and heat conduction is ignored. Boundary conditions are set as close as possible to LSC-AMR so
that the vertical velocity of the base of the substrate is constrained with a displacement/rotation
condition.
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6.5. Application of FVM to low speed normal impact of coated
metal substrate
We demonstrate the application of the finite volume method to model the deformation and
removal of paint from metal substrates. The base configuration of this problem is shown in
fig. 6.3A. Ball, plate and coating are assumed to be elastically deformable but only the plate and
coating are permitted to undergo yielding. The behaviour can change dramatically depending on
the setting of contact conditions, boundary conditions and material models.
We will build up modelling complexity slowly, starting from elastic to fully elastic-plastic,
providing a systematic investigation of the strengths and weaknesses of the modelling capability
compared to FEM.
6.5.1. Convergence
Achieving a converged solution is challenging due to thinness of the coating relative to the
impacting particle size, the proximity of two interfaces, and the long contact duration of a
deforming interface. The MUSCL-Hancock method is second-order accurate in smooth regions of
the solution, but only first-order accurate at boundaries and discontinuities. We must recognise
this first order drawback and apply high resolution to deforming interfaces at the impact site.
Figure 6.5A shows the |L1| total energy error for a 35 m s−1 impact of a typical plastic and elastic
simulation. The plastic simulation corresponds to the slip interface test of a perfect plastic plate
and coating in section 6.5.3, fig. 6.7C. At low resolutions a large |L1| error is observed, indicating
poor energy conservation. For the elastic case, we find a convergence trend similar to clean metal
impacts in section 5.3.3. At low resolutions, energy is stored in the internal energy of coating and
plate, and is not fully transformed to elastic rebound of the projectile until the cell size is 2.5 µm
or less in the impact region. The energy error is related to the level-set and deformation gradient
mismatch raised in section 4.3. For spherical projectile impacts, this effect appears to converge
away. For completion, we demonstrate stress convergence in fig. 6.6, in the coating 0.01 mm from
the interface for four resolutions.
To circumvent intractable unigrid resolutions, mesh refinement (AMR) is used to ensure paint
and surrounding materials are sufficiently resolved. For a highly deforming slip test, AMR is
critical to guarantee convergence and reduces running times significantly. See appendix B, table B.1
for a demonstration of how running times can be reduced vs unigrid for the axi-symmetric multi-
material coating impact problem. We demonstrate how AMR can be used to resolve the coating’s
thickness with a maximum of 160 cells, using a coarse base resolution of 50 cells per mm. For a
typical result, we require at least 40 cells across the 0.1 mm coating thickness.
We note that when a stick interface is specified between ball and coating surface, convergence
(on the basis of |L1|) is achieved at lower resolutions than frictionless slip. The effect of specifying
a stick interface is to cause a marked decrease in the deformation, both in terms of the crater lip
height and depth. This same behaviour was observed for clean metal impacts in section 5.3.3
and section 5.3.4. This behaviour can be explained because the slip interface leads to the fast
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cell size, ∆x µm
plastic
elastic
(a) |L1| error of total energy integral
Figure 6.5.: ‘Plastic’: |L1| convergence behaviour of 35 m s−1 impact of perfect plastic coating on
perfect plastic metal corresponding to the slip test in section 6.5.3, fig. 6.7C. ‘Elastic’:
|L1| convergence behaviour of elastic weld test (elastic plate, coating and projectile).
Analogous to test fig. 6.7A, but without separation.
displacement of material in tangential directions under load. As a result the level-set might fail to
track this material, yielding an inaccurate representation of the interface position.
6.5.2. Boundary conditions
There are at least three ways to set the boundary condition at the substrate’s lower and right
hand boundary (assuming this reflective boundary at x = 0). Transmissive (zero impedance
mismatch) fig. A.2, free surface (high impedance mismatch) fig. A.1A or reflective-weld condition
(high impedance mismatch) fig. A.1B and fig. A.1C.
Each choice has implications on material deformation and wave behaviour and is described in
more detail in A.1. In summary, we enlarge the domain sufficiently so that boundary effects do
not interfere with high stress states near the impact site. On setting different boundary conditions
we find that, with the exception of the free surface case, the deformation profile is unaffected,
however there are possible implications for stress propagation, as wave reflections from the
boundary will interfere with the coating-substrate interface.
6.5.3. Systematic investigation of coating-plate interface and material
behaviour
We build up material and interface modelling slowly, starting with the simplest case of the elastic
impact of a 2 mm steel ball on a polyurethane coated aluminium plate at 35 m s−1 (EK = 0.02 J,
m = 0.03 g). The ball-coating interface is set to frictionless slip and the coating-substrate interface
is set to stick for all cases unless otherwise stated. We examine the energy plots and coating
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(a) Time sequences of radial stress σrr at coating

















(b) Variation of radial stress σrz at coating interface
according to radial distance.
Figure 6.6.: Convergence of stresses at coating interface at t = 5 µs.
deformation after impact, with the ball completely separated from the paint layer. The results are
shown in figure 6.7.
Elastic coating on elastic substrate
The energy balance is shown in fig. 6.7A along with the corresponding material outlines following
impact. The material undergoes significant energy exchange, however the deformation is zero as
expected. We observe that the coating separates from the substrate.
Elastic coating on plastic substrate
Now the plate is permitted to deform irreversibly according to perfect plasticity but the coating
remains elastic. Figure 6.7B shows that the elastic coating is observed to lift off from the substrate
revealing an aluminium substrate that has now deformed permanently. The substrate absorbs the
majority of the impacting energy and the kinetic energy of the rebounding ball is now 30% of its
impinging value.
Plastic coating on plastic substrate
Both the coating and substrate are permitted to deform irreversibly according to the perfect
plasticity law. In contrast to the previous run, fig. 6.7D shows that most of the impact energy is
absorbed by the coating, leading to the formation of a large crater in the coating but minimal de-
formation in the plate. The paint undergoes large irreversible deformation presenting a challenge
to the multi-material solver due to the narrowing of its thickness down to a few cells. Though not
72
6.5 Application of FVM to low speed normal impact of coated metal substrate
visible here, a number of interface cells at x = 0.4 mm have debonded from the substrate. Setting
the coating-plate interface to friction free slip gives rise to different behaviour still. Figure 6.7C
shows that the coating has been completely penetrated by the projectile, giving rise to an exposed
and deformed substrate. Less energy is absorbed by the coating compared to the previous stick
example.
Johnson-Cook coating on plastic substrate
Figure 6.8 shows how the coating deforms on impact with a Johnson-Cook material law spec-
ified. The specification of slip and weld/stick conditions lead to considerable differences in
the material deformation. The zero adhesion ’slip’ condition causes the coating to slide away
from the substrate, undergoing significant irreversible deformation, but the underlying substrate
is relatively unaffected. All energy is absorbed by the coating causing complete delamination
there. The stick/weld case shows that while there is some small cohesive deformation of the
paint material, it is far less than the slip case, while the underlying substrate has also yielded
irreversibly. Clearly, the true adhesive force lies somewhere between these two limits. It should
be noted that owing to the considerable deformation of the slip case, the resolution demand for
convergence (measured on energy conservation) far exceeds the stick case. Figure 6.3C gives
an illustration of the application of three levels of AMR to a small region around the impact
site. Even though neither limit corresponds to physical reality, FVM is capable of capturing both
scenarios.
6.5.4. Thermal analysis
To simulate temperature rise due to impact we adopt the thermodynamically complete Murnaghan
equation of state for both paint and plate, as presented in section 2.7.3. Temperature rise is a
function of entropy and density, eq. (2.36). Frictional heating and heat conduction is ignored.
When setting the Murnaghan equation of state, a maximum temperature rise of 104 K is
predicted on impact as shown in figure A.3.
6.5.5. Deformation comparison
Figure 6.9 shows the predicted crater profiles using FEM (Abaqus) and FVM (LSC-AMR) in
comparison to experiment [45] for the baseline 35 m s−1 impact test. The Johnson-Cook model
has been calibrated to impact problems at this speed and strain-rate, and therefore captures the
deformation profile better than perfect plasticity. Introducing free surface flex leads to an even
better profile match to experiment.
6.5.6. Stress comparison
Examining stress waves over the duration of impact can tell us how paint removal happens. To
perform a like for like comparison with previous work, the ball material is changed to alumina,
and the impact speed is increased to 60 m s−1 so that the test coincides with previously published
LS-DYNA simulations [45]. Alumina is much harder than steel but has lower density, (Ek = 0.02 J,
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(b) Elastic coating, perfect plastic plate. Separable stick interface.
Figure 6.7.: Energy conservation and deformation output for the 35 m s−1 normal impact of 2 mm
diameter hard steel ball on 0.1 mm polyurethane coating, systematically building
material model complexity. Elastic coating and elastic / elastic-plastic plate.
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(d) Perfect plastic coating, perfect plastic plate. Coating-plate interface: Stick.
Figure 6.7.: Energy conservation and deformation output for the 35 m s−1 normal impact of 2 mm
diameter hard steel ball on 0.1 mm polyurethane coating, systematically building
material model complexity. All simulations have the coating upper set to slip and
the coating-plate interface set to stick unless otherwise indicated. Dashed line corre-
sponds to kinetic energy and solid line corresponds to internal energy of the material.
The solid black line corresponds to total energy conservation. Any deviation from
perfect horizontal indicates numerical dissipation.
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(a) Slip interface, full elastic-plastic. Lighter lines correspond to FEM result, stronger lines correspond to


























(b) Stick interface, full elastic-plastic. Lighter lines correspond to FEM result, stronger lines correspond to
FVM result. Boundary profile at t = 10 µs
Figure 6.8.: The 35 m s−1 normal impact of a steel ball on polyurethane paint layer and aluminium
substrate gives rise to two different coating deformation regimes depending on the
specification of the coating-plate interface condition. The plasticity behaviour of the
coating is assumed to follow a Johnson-Cook law, the plate is perfect plastic and the
ball is elastic. As before, we report the energy balance over time and deformation
(isovalues) for slip, figure (a) and stick (b) cases. The right hand figures show the
ball rebounding following interaction with coating. In the energy plots, faint lines
correspond to the FEM result and strong lines correspond to FVM result. The slip
condition allows the material to slide away from the substrate under compression
leading to significant absorption of impacting energy, and complete delamination
of the material from the substrate, however little deformation is observed in the
substrate. In the stick result, a small crater is formed on the surface of the coating
which is replicated in the substrate.
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Figure 6.9.: Comparison of predicted crater profile between LSC-AMR, Abaqus and experiment
[45]. 35 m s−1
m = 0.015 g). Its material properties and equation of state parameters are listed in table 6.2. We
examine the stress behaviour with both the Johnson-Cook and elastic models, and set paint-plate
interface behaviour to inseparable-stick.
The particle stops in the material after 3.0 µs and exits after 5.0 µs. The first moments of impact
play a critical role in the formation of stress waves in the materials. Figure 6.11A shows the
variation of radial stress at the surface of the coating at different times. We note that the change
in stress over time is due to the penetration of the particle into the target. No longitudinal wave
propagation appears.
The interface shear stresses are plotted in Section 6.5.6 with reference experimental and simula-
tion results [45] for comparison. Good agreement is observed throughout the impact duration.
According to Papini and Spelt [38, 75], shear stresses at the interface are mainly responsible for
coating removal when the interface strength is weak. Figure 6.11C shows how the shear stresses
reach their maximum between 1.0 µs and 1.5 µs. The maximum value is observed to happen at a
distance of 0.40 mm from the centre of impact, which explains the appearance of circumferential
cracks reported in experiment, fig. 6.1A, at this distance. Experiments [45] report that the position
of this maximum shear stress does not change with speed of impact.
The axial component of the stress σzz also plays an important role in the delamination mech-
anism of the paint. During the particle’s rebound phase, this component changes sign with a
maximum value of 0.05 GPa reached at a distance of 0.5 mm from the centre of impact. Figure 6.13
shows isovalues of shear stress in the substrate coating and ball at different times. Post impact,
the shear stresses are still non-zero, the result of residual plastic strain in the structure. The radial
stress at the interface fig. 6.11B reaches a very high negative value during the loading phase
outside the contact area. This can cause the characteristic buckling of the coating. The travelling
stress waves are best visualised by computing a mock-schlieren effect computed from the density
state, as shown in fig. 6.12.
77





















Figure 6.10.: Distribution of shear stresses, σrz, at coating-plate interface. Zouari and Touratier [45]
results plotted for comparison.
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(a) Time sequences of radial stress σrr at coating sur-





















(b) Variation of radial stress σrr at coating interface














































(d) Variation of axial stress σzz at coating-plate in-
terface.
Figure 6.11.: Variation of Cauchy stress components with radial distance for 60 m s−1 normal
impact of a 2 mm alumina ball. Stick interface. Free surface at substrate underside.
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(a) t = 0.25 µs
(b) t = 0.50 µs
(c) t = 0.75 µs
Figure 6.12.: LSC-AMR simulation of the normal impact of alumina at 60 m s−1 illustrating wave
behaviour at first moments of impact, post processed using a mock-Schlieren effect.
Compressive stress wave propagates through the paint layer. The stress wave travels
at approximately the acoustic wave speed in each material. Peak stresses reach up to
1 GPa. Reflective-weld boundary condition specified at substrate underside causes
wave reflection.
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(a) σrz at t = 0.5 µs
(b) σrz at t = 2.0 µs
(c) σrz at t = 5.0 µs
Figure 6.13.: LSC-AMR simulation results showing filled shear stress, σrz, contour plots of the
normal impact of an alumina particle at 60 m s−1 onto a layered system comprising
polyurethane paint and aluminium. Weld boundary condition specified at substrate
underside.
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(a) Compressive stress, σzz, at 3.5 µs
(b) Compressive stress, σzz at 4 µs
Figure 6.14.: Coating deformation solved using LSC-AMR showing large compressive region
transitions to tension during unloading phase.
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6.6. Application of FEM to simulate low speed impact of coated
substrate
The previous axi-symmetric interface experiments are executed in Abaqus, using the meshed
setup in fig. A.4A. The paint is meshed with 40 rectangular cells across its thickness (∆x =
10 µm, ∆y = 2.5 µm), and the plate is meshed with square cells (∆x = 10 µm).
We begin with the Johnson-Cook paint examples executed previously, fig. 6.8A, and fig. 6.8B.
Energy balances show good agreement between Abaqus and LSC-AMR for both interface con-
ditions. The paint layer absorbs most impact energy in the slip case, whereas in the stick case it
is more evenly distributed between coating and plate. Two tests are further examined and are
reported in appendix A.3 to illustrate overall agreement between LSC-AMR and Abaqus. Strong
consistency if found on the basis of stress, deformation and energy in both cases.
In the following subsection we explore more advanced interface damage modelling available in
Abaqus.
6.6.1. Traction-separation and surface-based cohesive behaviour
In all previous tests, Abaqus and LSC-AMR included, coating-substrate separation happened
freely when the states were in tension, as there was zero binding strength acting at the coating-
plate interface.
It is possible to impose more sophisticated interface conditions between the coating and plate
in Abaqus. Cohesive contact behaviour is used to model interface behaviour in order to enforce
bonding between interfaces that may fail subject to satisfying a failure condition on impact.
A global slip penalty contact condition with Coulomb friction is applied at all surfaces, and
a quadratic stress criterion is assigned at the coating-plate interface. The traction-separation
behaviour in Abaqus initially assumes linear elastic behaviour, eq. (6.1), followed by the initiation
















 = Kδ (6.1)
The elastic behaviour is written in terms of an elastic constitutive matrix that relates the normal
and shear stresses to the normal and shear tractions across the interface. By default, the normal
and tangential stiffness components are not coupled. Normal separation does not give rise to
cohesive forces in the shear directions, and similarly, shear slip with zero normal separation does
not give rise to cohesive forces in the normal direction. Knn, Kss, and Ktt are left undefined and so
Abaqus uses default contact penalties to model traction-separation behaviour.
Damage is initially assumed to be linear, but once a damage initiation crterion is met, eq. (6.2),
damage evolution proceeds according to the Camanho and Davilla law [83, 94]. The quadratic
damage initiation criterion is satisfied when the sum of squared contact stress ratios is greater
than 1. Where 〈σn〉 is the part of the stress vector normal to the interface (with the Macaulay
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(a) 2-d axi-symmetric Abaqus impact with separable-stick interface. If interfaces are allowed to separate
in Abaqus, the degree of delamination is overestimated. For the stick interface, this behaviour is only
reproduced in LSC-AMR when the plate is allowed to bend.
(b) 3-d simulation with rebounding rigid ball removed. Filled contours correspond to von Mises stress state
after 30 µs have elapsed and ball is rebounding after separating from surface. Coating has experienced
irreversible deformation and delamination from aluminium plate.
Figure 6.15.: Simulation of the 35 m s−1 normal impact of a 2 mm steel ball on Johnson-Cook
polyurethane coating and perfect aluminium plate in Abaqus.
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bracket <> indicating that compressive stresses do not initiate damage) and σs is the shear stress.










The meshed 3-d model is shown in fig. A.4B. To aid computational efficiency in 3-dimensions, the
stone is modelled as an analytical rigid body. The values of σ0n and σ0s are deduced from tear-off
tests and they are 50 and 200 MPa respectively [45].
The delamination severity can be controlled by enforcing a surface based cohesive criterion
as shown in fig. 6.16. In the default penalty contact result, fig. 6.16A, the coating undergoes
significant separation from the substrate, whereas in the lower two figures the separation is
controlled by setting constants in equation 6.2. When the criterion is easily satisfied, fig. 6.16C,
the debonding happens in a similar way to the reference result. When a more stringent condition
is set, fig. 6.16B, negligible debonding takes place. Filled von Mises contours for the full 3-d
Abaqus result are shown in fig. 6.15.
85
























(b) Damage criterion specified at coating-plate interface. Highest setting for damage criterion. σ0n = 50 and












(c) Damage criterion at coating-plate interface. Lowest setting for damage criterion.
Figure 6.16.: Abaqus simulation results showing coating deformation at final time following ball
rebound for different coating-plate configurations. The specification of a damage
criterion at coating-plate interface controls the degree of delamination using two
constants < σon > and < σos >. Setting a high value for the damage criterion
decreases the degree of delamination, figure (c), whereas a lower setting increases
delamination, figure (b). Maximum delamination is observed when setting the
default penalty contact algorithm with Coulomb friction coefficient of 0.1, figure (a).
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6.7. Using FVM to investigate higher energy impact of coatings
Vehicle coating impacts happen over a range of particle velocities, sizes, shapes and materials.
The baseline ball-impact test in section 6.3.1 was chosen so that comparisons could be made with
published work, however table 6.1 suggests that this impact energy falls at the lower end of the
range.
We study the higher energy impact of a truncated steel hexagon of 1.2 cm diameter (v =
35 m s−1, m = 5.28 g, Ek = 3.24 J) on a 0.2 mm coating layer. This is the same test problem as
Ramamurthy et al. [43]. The particle length to paint thickness ratio is now 60, and so we leverage
AMR to achieve sufficient resolution in the region around the impact site. To avoid excessive
levels of refinement, the first refinement factor is set to 8, with the rest set to 2, and a coarse base
resolution of 20 cells is set per mm. The effective resolution amounts to 64 cells across the coating
thickness for two levels of refinement.
The impact of an angular particle leads to penetration of the coating fig. 6.17A. This damage
is more severe than the corresponding spherical impact test in fig. 6.7D where no penetration is
observed. A similar test is shown in fig. 6.19 where the sharp edge of a rotated square penetrates
a PAC33 coated aluminium slab. Again, we experiment with interface conditions and observe
that while the magnitude of indentation is the same in both cases, the crater lip height is greater
for the weld experiment. We also observe delamination starting to take place in fig. 6.19B.
6.7.1. Presence of free surface and plate flex
The presence of a free surface (on the substrate’s underside, caused by an unsupported compu-
tational boundary or otherwise) is known to cause stress waves to reflect in tension, which on
interaction with the coating-plate interface can cause further damage and spallation there. The
presence of a free surface may also permit flex in the substrate on impact, which can also lead to
further destabilisation of the coating-plate interface and therefore greater damage and separation.
This is observed when setting the interface to separable stick / slip. Under tension the interface
now readily separates.
The flex in the plate elongates the test duration, but reduces the degree of damage because
some of the impacting energy is absorbed by the elastic bending of the plate. This is illustrated
clearly in fig. 6.17B, with the corresponding energy profile fig. 6.18. Less energy is absorbed
by the paint, whereas more energy is absorbed by the plate. This same effect was shown in the
spherical impact problem, fig. A.1A.
When the plate is fixed, the coating absorbs a greater proportion of the impacting energy,
increasing the likelihood of penetration or a narrowing of the coating down to a couple of cells.
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(a) Normal impact of a truncated hexagon at 35 m s−1 on a fixed plate. Perfect plastic coating and plate.





























(b) Normal impact of a truncated hexagon at 35 m s−1 on a bendable plate. Perfect plastic coating and plate.
Weld interface. t = 70 µs. Projectile has completely separated and is rebounding.
Figure 6.17.: Axi-symmetric impact of 12.0 mm truncated hexagon at 35 m s−1. Fixed vs. bending
boundary.
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Figure 6.18.: Energy output for the normal impact of a truncated hexagon at 35 m s−1 on a bend-
able plate. The elastic bending of the plate lengthens the test duration and increases
the proportion of energy absorbed by the plate compared to the fixed case.
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(b) 2d angular impact test. Perfect plastic coating, perfect plastic plate. Slip interface. t = 37 µs.
Figure 6.19.: 45o angular impact of a 4.45 mm steel square at 70 m s−1.
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6.8. Case study: 3-d angular impact investigation
The finite volume method can also be used to study the extent of paint removal due to the oblique
impact of angular particles. This is illustrated with a 60 m s−1 rotated steel cube particle travelling
30◦ into the paint surface.
Figure 6.20 shows the initial configuration of a 0.5 mm thick poly-methyl-methacrylate (PMMA)
layer, applied to a 1.5 mm aluminium substrate. We impose stationary boundary conditions
everywhere with the exception of the line of symmetry (into page) which is assigned a reflective-
slip condition. The elastic and plastic response of all materials is modelled using the Mie-
Grüneisen equation of state and perfect plastic model respectively. The particle is assumed to
behave elastically only. All material properties are listed in table 6.2.
A series of snapshots of the impact are shown in fig. 6.21. On impact, the coating is removed
from the surface and a crater forms. A ‘ripple’ effect in the coating surface can be seen spreading
from the impact site. When the substrate lower surface is free from the boundary, significant
elastic flex occurs on impact. Compared to the case of a clean (non-coated metal) the ball rebounds
at a larger angle, losing most of its kinetic energy as it does so.
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Figure 6.20.: Initial configuration of the diamond block-paint impact test.
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(a) t = 0
(b) t = 5 µs
(c) t = 15 µs
Figure 6.21.: Time sequence of angular block impactor on 0.5 mm layer of polyurethane and
1.5 mm aluminium 6061-T6 substrate at 60 m s−1. Isovalues correspond to material
pressure.
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6.9. Open problems in the field of FVM for coating damage
There are a number of open problems in the application of the finite volume method for coating
damage:
Fracture mechanics At the time of writing, a finite volume fracture model for thermosetting
plastics has not been validated.
Interface damage The slip or stick/weld limits are not appropriate at these speeds. The
slip Instead, the current solid–solid interface Riemann problem can be
modified to simulate the overcoming of a bond strength threshold. If
exceeded, interface contacting adopts frictionless slip, else it remains
as inseparable stick. Such an approach may be undesirable due to
the introduction of additional user tunable parameters that must be
calibrated, limiting generality.
Friction modelling Friction modelling in a low speed Eulerian finite volume context has
received little attention in the literature. While empirical models such
as those in [95] do lead to improved prediction of motion between dry
sliding systems, as compared to Coulomb’s law or pure slip boundary
conditions, such models typically include adjustable parameters that
must be calibrated through comparison of numerical and experimental
results leaving the range of applicability questionable [93]. Methods
of dynamic friction do exist [93] for high speeds, but the coupling
of atomistic methods to continuum methods presents a significant
computational challenge at present, particularly in such a low speed
regime.
Plasticity The von Mises yield surface, traditionally applied to metals, may be
incompatible for thermosetting polymers. In addition, the dependency
of plasticity on material temperature due to plastic deformation has not
yet been tested in an Eulerian low-speed finite volume context.
Sharp projectiles Further work is needed on level-set ghost fluid method suitability for
sharp impact problems before it can be applied to coating damage. The
projectile is observed to lose its edge as the simulation evolves.
Material science The material behaviour of thermoset polymers under impact in a finite
volume context is an open problem. Material models for polymers do
exist [88], but their suitability to automotive coating impact remains an
open problem.
Vehicle coatings The coating has been simplified for the purpose of this investigation.
It remains an open problem to correctly model the material properties,
interface binding and fracture behaviour across multiple layers.
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Experiment Progress on the above can only be made in tandem with experiment,
however there is an absence of systematic investigations of paint mate-
rial damage in the literature.
6.10. Conclusions
This chapter examines the application of the Eulerian finite volume method for low-speed impact
damage to coatings. Vehicle paint damage happens when particles (typically 2 mm or more)
impact at speeds between 10 m s−1–35 m s−1, corresponding to the speed of the vehicle. Impacts
induce extreme stresses that may initiate microdamage in paint layers. This damage is expected
to happen at some critical stress state. We demonstrate the application of shock-capturing FVM, a
method typically used for impacts in excess of 500 m s−1, to model the elastic-plastic response
and wave propagation in a polymer coated metal at low speeds (< 40 m s−1).
A challenging aspect of this problem is finding validated experimental data for the paint
constitutive law. For this reason, a simple J2 approach with the empirical Johnson-Cook model is
adopted, with coefficients taken from Zouari and Touratier [45].
As a first step, we selected a baseline normal impact of a 2 mm particle travelling at 35 m s−1
into a 0.1 mm polyurethane coated aluminium plate. Using this baseline test, we performed
a parameter study over interface boundary conditions and material models to explore how
the prediction of damage changes. The two limits, slip and weld, enable us to test two (albeit
unphysical) cases of zero adhesion and infinite adhesion respectively. The specification of slip can
be seen as emulating coatings having weak interfacial strength that fail by delamination, whereas
stick / weld emulates the case of coatings with strong interfacial strength failing by mechanical
erosion.
The material behaviour was built up systematically, starting from an entirely elastic simulation.
We model the projectile as an elastic material throughout, with the assumption that its hardness
exceeds all other materials. The elastic simulation is a good test of convergence behaviour. At low
resolutions it is observed that internal energy is not recovered from the plate and coating; at the
expense of the particle kinetic energy.
Plasticity effects were introduced by modelling the aluminium plate as an elastic-plastic material
with constant yield stress. On impact, the plate now undergoes irreversible plastic deformation
and the coating elastically deforms and separates. Setting an appropriate constant yield stress to
the coating material is easily met causing the coating to undergo deformation and penetration
leaving the underlying substrate damaged and exposed. On setting the stick condition instead
of slip at the interface leads to the narrowing of the coating down to a few cells, but penetration
does not take place.
Setting the coating to strain-rate dependent Johnson-Cook and the interface to weld yields a
result that closely resembles experiment. We performed a comprehensive comparison of FVM
to previous published FEM results [45] as well as our own FEM simulations with Abaqus and
good agreement was found on deformation magnitudes and stress profiles. Interface damage
mechanisms were explored further in Abaqus, and a quadratic separation criterion was examined
showing that delamination could be controlled by specifying two interface stress limits. Com-
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parisons between FEM and FVM showed that FEM could achieve a solution faster, but FVM
exhibited greater robustness to large deformation and penetration, as in case 6.7C. In the final set
of experiments, we explored higher energy impacts and plate flex using non-spherical projectiles




This thesis examines the application of the Eulerian Finite Volume Method (EFVM) to investigate
low speed solid impact problems. FVM offers an appealing alternative to FEM. It can easily
accommodate many different equations of state and material models for strength. Furthermore,
the multi-material approach can handle large deformations without leading to catastrophic
warping of the mesh (a characteristic of FEM where deformations are inherently translated to
large deformations in the underlying mesh). The level set material tracking approach enables the
communication of distinct systems of equations (describing different physical processes), allowing
their solution on the same grid, with the same finite volume numerical schemes. Solutions can
be obtained efficiently with the aid of adaptive meshing. The O(N3) expense of solving solid
material response in 2-d, can be significantly reduced by refining only those areas that undergo
large deformations, while using a lower resolution elsewhere.
The novelty in this work relates to the application of FVM to low speed impact problems,
traditionally handled using FEM. Eulerian Finite Volume methods have never before been applied
to systematically investigate the deformation of very thin coatings on metallic substrates. FVM
offers the ability to capture stress wave propagation accurately which is key to the prediction
of crack initiation and propagation in multi-layered materials and composites. We validate the
method against experiment and demonstrate delamination at the coating-plate interface.
In chapter 1, we introduced Eulerian Finite Volume methods in the context of other finite
volume methods to solve solid mechanics problems. Godunov methods have gained prominence
particularly for high speed impact problems involving contact that require accurate resolution of
shocks and discontinuities.
In chapter 2, we introduced the mathematical model described by Barton et al. [8], and Schoch
et al. [18] based on the formulation by Godunov and Romenski [46] to represent the behaviour
of elastic materials. Plasticity is included following the predictor-corrector work of Miller and
Colella [15]. In the Eulerian frame, which we adopt here, it is not possible to account for solid
material deformation using mesh distortion like FEM, and so we describe the adoption of a




In chapter 3, we demonstrated how the solid mechanics equations, expressed as hyperbolic
conservation laws can be solved with finite volume methods using the same (or the same family
of) high-resolution, shock-capturing methods. We detailed the evolution of the elastic deformation
gradient ‘Fe, the elastic predictor step, which is followed by a “plastic” corrector step to correct
any over-estimated elastic deformation that results in a state going beyond the yield surface. The
predictor–corrector approach enables the solution of both perfect and time-dependent plasticity
models. The system of equations is closed by the specification of a hyperelastic constitutive law.
Chapter 4 validates the finite volume method for solid mechanics by systematically testing the
MUSCL-Hancock method on standard test problems, starting with one dimensional Riemann
problems involving contact and then moving to 2-d problems involving material strength. We
began with the solution of Riemann problems that involve three-dimension deformations. Even
though a single material solution is possible, we treated each separately to test the application of
the Riemann ghost fluid method. The Eulerian scheme successfully captures the 7-wave solution,
but smoothing around large discontinuities is clearly visible. Improved wave capturing could be
obtained with high-order monotonicity preserving WENO reconstructions, but for our purposes,
MUSCL-Hancock coupled with an approximate HLL Riemann solver offers a good trade-off
between accuracy and speed. In two dimensions, the level set - Riemann ghost fluid approach
is fully tested with the aid of the Taylor bar problem and we demonstrated good agreement
to experiment. It was recognised that over time a mismatch emerges between the level set
and the deformation gradient F. Integrating the inverse deformation gradient to recover the
initial configuration X, clearly highlights this error, as the initial configuration is distorted. It
was demonstrated that this particular effect manifests more severely for angular particle impact
problems, than blunt particle impacts, but the mismatch is improved with resolution.
Our results start in section 5.1 with the investigation of FVM to simulate the low speed impact
of metallic spheres on clean metal substrates. We performed a stepwise analysis of how the
specification of material plasticity models and interface boundary conditions give rise to different
deformation behaviour, focusing particularly on the lip height, breadth, and depth of the crater
formed and the coefficient of restitution of the rebounding particle. A comprehensive convergence
study was performed on the basis of crater dimensions and |L1| error of total energy conservation.
We found that at low resolutions, kinetic energy is dissipated to internal energy and the total
energy can be overestimated by as much as 15%. The total energy of a system and the coefficient of
restitution converges at first order with resolution. We note that elastic problems provide a good
indication of appropriate operating resolutions. We conclude the chapter by investigating trends
in material behaviour due to impact. We reproduce experimental trends obtained by Tirupataiah
and Sundararajan [63, 65].
In chapter 6 we show that FVM can be used to investigate damage to automotive coatings due
to particle impact. The application of FVM & AMR to the low-speed impact response of coated
substrates has not been investigated before. Coating damage due to particle impact presents a
challenge to numerical solvers due to the thickness of the coating relative to the impacting particle,
and the complex material response that can result. A typical impact can cause plastic deformation
of the substrate, delamination at the coating metal interface and fracture at some critical stress
states between the coating layers.
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One of main challenges is to specify the elastic-plastic material behaviour of the coating.
Previous work on coating impact focused on the buckling and delamination of thin organic
coatings that were assumed to have linear elastic behaviour. More sophisticated elastic-plastic
models have since been proposed [45, 88]. We adopt the Johnson-Cook plasticity model to
approximate the material response of the coating with a shock Mie-Grüneisen equation of state
for the elastic response. We also tested a linear elastic approach parameterised with Young’s
modulus and Poisson’s ratio with little to no observable differences to shock Mie-Grüneisen. The
Johnson-Cook model requires no mechanistic input parameters, it can be tuned to model the
strain rate response of any material desired. We use the parameters from Zouari et al. tuned for
the thermosetting polyurethane coating to approximate the response of a multi-layered paint
coating.
We build up modelling complexity systematically, studying the elastic response only, followed
by a perfect plastic assumption and finally the full rate-dependent Johnson-Cook approach of
Zouari et al. Results compare favourably to experiment (on the basis of crater profile formed)
particularly when the Johnson-Cook model is specified and the plate is allowed to flex. A
comprehensive stress analysis highlights that shear stresses play an important role in the initiation
of coating delamination. These stresses are responsible for the circumferential cracks that appear
in the coating that are observed in experiment. In addition to experimental validation, we perform
the same tests in the finite element software Abaqus.
We build on previous work [45] by experimenting with the two limits of interface behaviour,
slip and stick. The specification of slip emulates coatings having weak interfacial strength that
fail by delamination, whereas stick / weld emulates the case of coatings with strong interfacial
strength failing by mechanical erosion. We also demonstrate simultaneous delamination and
penetration of the coating using FVM.
We assessed the performance of FVM versus FEM on a number of test problems. Appendix A.3
shows two key examples where FVM and FEM have been compared on the basis of deformation,
stress and energy conservation metrics. We find that FVM dissipates kinetic energy to internal
energy at low resolutions, an effect that converges away at first order. Furthermore, we observe
that instabilities at the coating surface emerge over time in FVM. Both these effects are absent in
FEM. FVM offers advantages specifically in situations where the coating undergoes large plastic
deformations (i.e. when complete penetration or significant coating narrowing occurs). In this
case, we find that the Abaqus mesh can warp catastrophically due to immense distortion in
the region below the particle leading to simulation error or the prediction of unphysical stress
states. As a tool for prototyping the response of coatings, we conclude that FEM is superior, as
simulations can be performed at lower effective resolution and therefore lower computational
cost compared to FVM.
The specification of a traction-separation failure condition at the coating-plate interface is
examined using Abaqus. Damage is initially assumed to follow linear behaviour, but once
the quadratic stress criterion is met, damage initiates and then evolves in accordance with the
Camanho and Davilla law [83, 94]. The quadratic damage initiation criterion is satisfied when the
sum of squared contact stress ratios is greater than 1. We show how the delamination severity can
be controlled by changing two parameters, σ0n and σ0s , using a 3-d impact example. However, its
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Conclusions
effectiveness particularly in the accurate prediction of delamination remains questionable without
sufficient experimental data.
We ended with a series of case studies to test the coating response under higher energy impact
conditions using FVM. The first case study consisted of the angular impact of a rotated square par-
ticle in 2-d and 3-d. This was followed by the axisymmetric impact of a large chamfered hexagon
impacting a fixed and flexible plate. Failure by delamination is disabled by the specification of
the weld condition at the interface. We show how the damage severity is greater when the plate is
fixed compared to a flexible plate as more energy is converted into elastic bending.
We recommend a number of improvements to EFVM for modelling coating damage based on
our comparisons to a reference FEM implementation, Abaqus:
Damage modelling Abaqus provides more sophisticated damage modelling that can be
set in the bulk or at the coating-plate interface. In our current FVM
implementation, we must set slip and stick a priori; no functionality
currently exists to simulate or predict the onset of delamination at
the coating-plate interface when the stress state exceeds the adhesive
strength assigned there. Algorithms in finite volume fracture do exist
but have yet to be tested thoroughly in the context of coating delamina-
tion.
Material modelling We acknowledge that J2 von Mises plasticity is incompatible with ther-
mosetting polymers or paints studied here. Abaqus provides more
sophisticated flow rules like Drucker-Prager, which better describe
polymer material behaviour.
Solution time The time to reach a solution for FEM (explicit) is much shorter than
EFVM. Simulations can be performed at lower effective resolution and
lower computational cost compared to FVM. There are many algorith-
mic (time stepping, Eulerian vs Lagrangian meshing, cell geometry,
material modelling, order of accuracy) and computational (optimisa-
tion) reasons why this discrepancy in solution time may exist.
A key difference between finite elements and finite volumes is discretisation. The finite element
method is obtained from picking a finite number of test functions whereas the finite volume
method is obtained by selecting a finite number of control volumes. In finite volume discretisations
we need to extrapolate cell centre states to cell edges to compute fluxes. Obtaining higher-order
reconstructions requires taking more cells into account. They can be extremely difficult and
unwieldy to implement, particularly in multi-dimensional, multi-material codes. With FEM,
there is no need for such complex reconstruction to obtain high-order methods, and fluxes can
be computed in a very natural way. Finite volume methods correspond to piecewise constant
finite element basis functions and are traditionally first- or second-order accurate. FEM on the




Additional coating impact investiga-
tions
A.1. Boundary conditions
The specification of the lower substrate boundary condition is investigated here. There are at
least three ways to set the boundary condition at the substrate’s lower and right hand boundary
(assuming this reflective boundary at x = 0). Transmissive (zero impedance mismatch), fig. A.2,
free surface (high impedance mismatch), fig. A.1A, or reflective-weld condition (high impedance
mismatch), fig. A.1B and fig. A.1C. We refer to the T/D and L/D ratio which is the ratio of plate
thickness (T) or length (L), to particle diameter (D).
In fig. A.2, we also demonstrate how setting a transmissive condition when the computational
domain is too small can lead to erroneous internal energy injection from the boundary. Energy
profiles obtained from an under resolved simulation show how the total energy typically spikes
at the moment of impact due to an overestimation of internal energy in plate and coating. This
initial effect converges away, but energy injection at the plate remains, fig. A.2. The setting of each




If the T/D ratio is small . 1, the transmissive condition leads to energy
injection from the boundary during the particle lift off phase, breaking
energy conservation. This is also observed when L/D is small. Clearly
the velocity of the impacting ball determines whether boundary inter-
actions come into play. Through our experiments we can be assured
that boundary effects do not influence energy conservation or paint
and plate deformation behaviour when setting each ratio greater than
3, for the range of impact conditions of interest here. A demonstration
of how a transmissive boundary close to the impact zone can lead to
poor energy conservation is shown in fig. A.2. The impact energy is
increased from 0.02 J to 0.05 J to give rise to this effect.
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Free-surface - High
impedance mismatch
The presence of a free surface at the bottom boundary changes the
dynamics of the test. Less energy is absorbed by the paint, resulting
in a smaller crater but a greater coefficient of restitution due to elastic




There is no discernible difference in the deformation behaviour when
enlarging the domain.
Figure A.2 shows the effect of enlarging the plate’s length with a transmissive boundary set























































(c) 8 mm plate with reflective-weld boundary condition leading to visible oscillations / vibrations in the
plate.
Figure A.1.: The specification of the boundary condition at the substrate base changes the impact
dynamics significantly. The baseline test corresponds to the 60 m s−1 impact of
Alumina particle on coating. Dashed lines correspond to kinetic energy, solid lines to
internal energy. Further results are shown in appendix A.1.


































(b) Transmissive right-hand boundary is sufficiently far away so energy injection is eliminated.
Figure A.2.: Energy balances in LSC-AMR for 55 m s−1 impact of steel ball on polyurethane coated
aluminium. Simulation is under resolved to show how the energy typically ‘spikes’
at the moment of impact. This error converges away.
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A.2 Temperature rise due to impact
A.2. Temperature rise due to impact
To simulate temperature rise due to impact we adopt the Murnaghan equation of state for both
paint and plate. Temperature rise is a function of entropy and, we ignore frictional heating and
heat conduction.
105
Additional coating impact investigations
Figure A.3.: Temperature rises to 392K on impact (104K increase).
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A.3 Comparison of FEM and FVM for coating impact.
A.3. Comparison of FEM and FVM for coating impact.
Two tests are selected to illustrate overall agreement between LSC-AMR and Abaqus. The meshed
Abaqus setups are shown in fig. A.4. In the first test, the paint material is modelled with constant
yield stress, whereas in the second, a Johnson-Cook material law is assumed. In both cases a stick
interface is assumed.
A.3.1. Stick result - Perfect paint
Switching the coating plasticity model to yield at constant stress presents a larger challenge to
Abaqusdue to node displacement in the region under the impacting ball. The rectangular cells
become extremely warped, stretching in the x-direction and compressing in the y-direction. A
comparison between LSC-AMR and Abaqus is shown in fig. A.5.
A.3.2. Stick result - Johnson-Cook paint
To obtain good agreement between Abaqus and experiment it is necessary to disable separation
at the interface. If separation is allowed, the coating lifts off indefinitely as shown in fig. 6.15A.
It is notable that in the equivalent LSC-AMR simulation separation is negligible with the stick
interface assigned.
A.3.3. Summary
It must be stressed that Abaqus is not representative of the entire field of FEM but provides a
suitable baseline from which to start. In summary, we note the following observations regarding
the use of Abaqus vs. LSC-AMR as a tool for predicting coating material damage:
Computational For all cases studied, Abaqus achieves a solution faster than LSC-
AMRat a comparable resolution. For more challenging problems it
was necessary to operate at a similar resolution as LSC-AMR (at least
40 cells to resolve the paint thickness). Running times are considerably
shorter, even when operating at higher resolutions.
Elasticity Abaqus captures the elastic response of materials more easily (can
operate at a lower resolution) than LSC-AMR. On the whole, there is a
larger prediction of the elastic response for all experiments.
Contact robustness Abaqus’ contacting algorithm seems to lack robustness particularly
on large deformation problems. To fix large mesh warping issues we
increase the resolution in accordance with LSC-AMR. Still, this does
not allow Abaqus to simulate material penetration which is predicted
to occur when setting a slip condition at the interface, fig. 6.7C. This
(albeit unphysical) result cannot be reproduced in Abaqus.
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(a) Meshed axi-symmetric abaqus model
(b) Meshed 3D abaqus model.
Figure A.4.: Two separate Abaqus simulations were used to compare to LSC-AMR. The 3-d
Abaqus model enabled the investigation of more sophisticated interface damage
algorithms as these are unsupported in 2-d cylindrically symmetric Abaqus v. 6.13.4.
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A.3 Comparison of FEM and FVM for coating impact.
















(b) Energy balances in LSC-AMR (opaque curves) and Abaqus (translucent curves). Note that the kinetic
energy prediction of the rebounding ball is slightly higher in Abaqus than LSC-AMR. This applies to all
comparisons performed.
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(c) Deformation comparison between LSC-AMR and Abaqus. The finite element cells stretch around the
impact site.
Figure A.5.: Perfect plastic coating, perfect plastic plate. Coating–plate interface: Stick. The
coating is resolved with cells of dimension 2.5 µm× 1.0 µm in Abaqus
Surface contact The kinematic contact algorithm enforces a stronger constraint than the
penalty based approach [94]. In practice, this is found to be less robust
to large deformation in the paint.
Interface separation The coating comes away from the substrate in Abaqus more readily
than LSC-AMR particularly for the stick result.
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A.3 Comparison of FEM and FVM for coating impact.
(a) t = 0.25 µs
(b) t = 0.45 µs
Figure A.6.: Comparison of σyy between LSC-AMR (left) and abaqus (right) for the 35 m s−1
impact of Johnson-Cook coating.
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A.4. 1-d impact testing
Results of 1D impact tests are shown in figure fig. A.7 and the x–t diagram is plotted in fig. A.8
showing the time history of stress as well as separation of coating from substrate. For a 35 m s−1
impact the peak σxx
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Figure A.7.: Snapshots of σxx in flyer-coating-plate impact test at 100 m s−1 before stress wave
interacts with plate undersurface.
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Figure A.8.: x–t plot of flyer-coating-plate impact at 100 m s−1 showing time history of σxx. Coat-




B.1. Axisymmetric coating impact scaling
Testing the scaling performance of the multi-material axi-symmetric code on a single Skylake
node (32 cores). Results are summarised in Table B.1.
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Scaling of LSC-AMR
Base x cells RF1 RF2 effective x effective y paint cells time (hours)
Unigrid
150 0 0 150 250 5 –
300 0 0 300 500 10 0.76
600 0 0 600 1000 20 4.57
1200 0 0 1200 2000 40 20.1
2400 0 0 2400 4000 80 160
All material mesh refinement
150 0 0 150 250 5 0.34
150 2 0 300 500 10 0.74
150 4 0 600 1000 20 1.26
150 4 2 1200 2000 40 6.78
150 4 4 2400 4000 80 34.0
Partial boundary mesh refinement
150 2 0 300 500 10 0.45
150 2 2 600 1000 20 1.05
150 4 0 1200 2000 40 2.89
150 4 2 2400 4000 80 8.82
150 4 4 4800 8000 160 42.0
Table B.1.: Scaling of axi-symmetric ball on coating impact problem, testing different mesh re-
finement configurations. All mesh refinement refers to when the resolution of a user
defined region is meshed at the highest number of levels. Partial refinement corresponds
to meshing only the interacting boundaries at the highest level within a user defined
region. The paint cells value corresponds to the effective resolution of paint’s thickness
0.1 mm in this case. For Partial refinement, the value is likely to be less than the effective
one. Tests executed on entire Skylake node with 32 cores.
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B.2 3-d coating impact scaling
B.2. 3-d coating impact scaling
Strong scaling results of the 3-d coating impact test at 45 m s−1 are summarised in Figure B.1.
Results show that the scaling performance drops off with more cores due to greater communication
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The results in the following section apply to a single spatial dimension only. By introducing the








with the Jacobian, A = ∂F/∂U
A =

uαI −Aα1 −Aα2 −Aα3 −Bα
−FTEα1 uαI 0 0 0
−FTEα2 0 uαI 0 0
−FTEα3 0 0 uαI 0
0 0 0 0 uα

. (C.2)
Here, Eij represents the unit dyads Eij = ei ⊗ eTj , I is the identity matrix and the coefficients












λ denotes the wave speeds, therefore the characteristic polynomial for equation 2.15 (|A − λI| =
0) has the form
(u− λ)7 det |Ω− (u− λ)2 I| = 0, (C.4)




The positive definite acoustic tensor can be decomposed as follows,
Ω = Q−1D2Q, (C.6)
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Numerical aspects
where D is the diagonal matrix of positive eigenvalues and Q is the orthogonal matrix. The
diagonal matrix of eigenvalues is the constructed as so
Λ = diag(u1I− D, u1I, u1I, u1, u1I + πDπ), (C.7)
where π is the permutation matrix.
The left matrix of eigenvectors is written as so, with each left eigenvector, lk, occupying a row.
L =

DQ QA11 QA12 QA13 QB
0 1F11 (F12E11 + E13E21)− E12 − E23
1
F11
(F12E31)− E32 0 0
0 0 1F11 (F13E11)− E13
1
F12
(F12E21 + F13E31)− E22 − E33 0
0 0 0 0 1
πDQ πQA11 πQA12 πQA13 πQB

(C.8)
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T1 = Ω−1(A11E21 + A11E32 + A12E23) (C.12)
T2 = Ω−1(A12E31 + A13E22 + A13E33). (C.13)
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